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 This dissertation is focused on using infrared remote sensing to study volatiles on the Earth 
and Moon, including a strong hardware development component. The first project was aimed at 
developing light weight spectrometer for small satellites. In that work we build a 3 – 5 µm imaging 
interferometer, calibrated it, used it to collected data of the lava lake at Kilauea volcano, and 
analyzed a portion of the data with a radiative transfer model. We find that for high temperature 
targets, measurements in the 3 – 5 µm region can be acquired with high signal-to-noise ratios.  
 The second two projects involve the study of water on the Moon using infrared astronomy. 
We investigate diurnal variations of hydration that was first detected on the Moon using orbiting 
infrared spectrometers. Analysis of spacecraft data, however, result in diametrically opposed 
results. Using new observations of the Moon with the NASA IRTF SpEX instrument we are able 
to overcome the fundamental limitations in the orbital data allowing us to resolve the diurnal 
variation controversies. Our improved data showed that the variation in hydration is real. The 
second astronomical project addresses a second fundamental problem. The spacecraft observations 
cannot tell the difference between the presence of water or hydroxyl. This has fundamental 
consequences for the behavior of volatiles on the Moon. However, we developed a new approach 
to detect the actual water molecule on the Moon using observations at 6 µm, based on how 
geologists detect H2O in samples in the lab using infrared spectroscopy. Observations at 6 µm are 
only possible from an airborne infrared observatory, we were granted time on the Stratospheric 
Observatory For Infrared Astronomy (SOFIA) to collect data of the Moon. Using data from SOFIA 
we report the first direct detection of the water molecule on the illuminated lunar surface.  
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CHAPTER 1: SPECTROSCOPIC REMOTE SENSING OF VOLATIELS  
 
  For centuries humans have used sensors, whether it be the human eye, a camera, or an 
instrument designed for a specific use, to study the Earth, the Solar System, and the Universe. This 
act of deriving information about an object from a distance is termed “remote sensing” [Campbell 
and Wynne, 2011]. Spectroscopy, the study of the interaction between matter and electromagnetic 
radiation by splitting the radiation into its constituent wavelengths, can be done via remote sensing. 
Spectroscopic remote sensing can provide information regarding an object’s intrinsic properties, 
like composition and abundance of molecules. One application for spectroscopic remote sensing 
is the study of molecular compounds that easily vaporize. These compounds are referred to as 
“volatiles”. This dissertation focuses on the spectroscopic remote sensing of volatile species on 
both the Earth and Moon.  
1.1 Fundamentals of Spectroscopy 
Objects are made up of molecules, which are in turn made of elements, which are made of 
atoms, which are made of electrons, protons, and neutrons. Electrons reside close to an atom’s 
nucleus at different energy levels. When electromagnetic radiation, photons of specific wavelength 
and energy, interacts with an atom, the energy of the photon can cause an electron to be excited 
and “jump up” to a higher energy level absorbing the photon in the process. The reverse process, 
emission, is also possible where the electron is de-excited and “drops down” to a lower energy 
level emitting a photon at a specific energy. The emission and absorption of photons depends on 
Figure 1.1: Example of emission and absorption spectra. [Evans R., 2015] 
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the chemical structure of atoms, and each atom has its own unique structure and therefore, its own 
unique “finger print”, or spectrum. The release of a photon results in an emission spectrum while 
the inverse is a reflectance spectrum, also referred to as an absorption spectrum (Figure 1.1). The 
emission and absorption features occur at specific wavelengths depending on the chemical 
composition of the object. 
The spectrum of an object can be measured by collecting the photons emitted and reflected 
by the object. Inspection of the absorption and emission features inform us about the composition 
of the object. The strength of the spectral features also provides information about the abundance 
of molecules present. The measurement of a spectrum can be done via remote sensing allowing us 
to examine the chemical composition of distant objects. This dissertation focuses on spectroscopic 
remote sensing of the Earth and Moon. 
1.2 Importance of Volatiles in the Solar System 
 There are many volatile compounds that exist in the Solar System; however, for this 
dissertation we focus on two, carbon dioxide (CO2) and molecular water (H2O). Both of these 
volatiles are naturally occurring on Earth and possibly also on the Moon. Understanding the 
presence and concentrations of these volatiles inform us about on-going interior and surficial 
processes and the formation and evolution of a planetary body. 
1.2.1 Carbon Dioxide 
Carbon dioxide is a naturally-occurring volatile on Earth. It occurs in the atmosphere, hot 
springs, geysers, carbonate rocks, volcanoes, and because it is soluble in water, it occurs in 
groundwater, rivers, lakes, ice caps, glaciers, and sea water. Carbon dioxide is a colorless gas that 
is denser than air with a centrosymmetric molecular structure. In the infrared region, CO2 exhibits 
spectral features at 2.65 – 2.85 µm, an antisymmetric stretching mode at 4.257 µm, and bending 
modes at 15 µm. In Chapter 2 of this dissertation, we focus on detecting CO2 in volcanic gas 
plumes using the 4.257 µm antisymmetric stretching spectral feature.  
Monitoring CO2 outgassed by volcanoes is important for possible predictions of pending 
volcanic hazards and eruptions. CO2 is one of the first gases to exsolve from ascending magma at 
depths of 21 – 24 km [Bruno, 2001]. It has been shown at Mt. Etna in Sicily, Italy [Bruno, 2001] 
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and Redoubt Volcano in Alaska [Werner et al., 2012] that elevated CO2 emissions precede 
increased volcanic activity or an eruption. Chapter 2 does not focus on predicting a pending 
volcanic eruption, but instead focuses on detecting and quantifying volcanic CO2 with an 
instrument that could potentially monitor CO2 emissions from a small satellite platform. 
1.2.2 Molecular Water 
 Molecular water is the most abundant substance on the Earth and is colorless and tasteless. 
It is fundamental to life on Earth and the sustainability of life in space and on other planets. On 
Earth, it can be found naturally in all three phases of matter, solid, liquid, and gas. It has a “bent” 
molecular structure, which exhibits spectral features at several wavelengths in the infrared. This 
dissertation, in Chapters 3 and 4, focuses on detecting water at 3 and 6 µm on the lunar surface. 
The Moon does not have bodies of water like Earth, but may have H2O adsorbed onto lunar grains. 
The presence of water on the Moon could aid future exploration and long term sustainability of a 
lunar base. 
1.3 Dissertation Goals and Structure 
 An overarching goal of this dissertation is to evaluate the use of wavelengths typically not 
used for remote sensing. In Chapter 2 we evaluate the use of a compact hyperspectral imager 
operating in the mid-wave infrared (MWIR) from 3 to 5 µm. This spectral region is typically not 
used in remote sensing on the Earth because of the low signal availability due to low energy at 
ambient temperatures. In this chapter, we look at overcoming this issue by using an imaging 
interferometer and by observing high temperature phenomena. We present the design and 
characteristics of the instrument and benchmark it against a similar instrument of the same design 
used as a standard. Results of field tests will also be reported along with radiative transfer modeling 
to derive abundances of CO2. The goals of this project are to demonstrate that a compact instrument 
capable of small satellite platforms can provide high signal-to-noise ratios in the MWIR for use of 
monitoring and detecting high temperature targets. 
 Chapters 3 and 4 demonstrate the use of wavelengths beyond 3 µm to detect and 
characterize hydration signatures on the lunar surface. In Chapter 3, we use a groundbased 
telescope to acquire data of the Moon from 1.6 µm out to 4.2 µm. The wavelengths beyond 3 µm 
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allow for accurate thermal modeling and removal of thermal emission. With thermally corrected 
data, we address conflicting views of the 3 µm hydration feature and its variability on the lunar 
surface. The goals of this project are to determine the true nature of the 3 µm hydration feature 
and provide better estimates of the abundance of hydration on the Moon. 
 In Chapter 4 we extend out from 3 µm to 6 µm to look for H2O on the illuminated lunar 
surface using new wavelengths, a new data set, and new techniques for remote sensing. We report 
observations of the Moon at 6 µm and the first direct detection of molecular water on the 
illuminated Moon. The goals of this project are to demonstrate the utility of 6 µm observations to 
detect and quantify the abundance of water on the Moon. We describe the 6 µm observations and 
the new technique for deriving abundances.  





CHAPTER 2: EVALUATING THE SPECTRO-RADIOMETRIC PERFORMANCE OF 
AN UNCOOLED MID-WAVE INFRARED HYPERSPECTRAL INTERFEROMETER 
USING A MICROBOLOMETER ARRAY DETECTOR 
 
Abstract  
Improved technology and emerging interferometric techniques have allowed the use of 
uncooled microbolometers in the long-wave infrared (LWIR; 8 to 14 µm) for hyperspectral 
imaging. The mid-wave infrared (MWIR; 3 to 5 µm) presents several advantages with respect to 
the LWIR for Earth and planetary science. For example, important atmospheric trace gases on 
Earth such as CO2 and CH4 are not masked by other atmospheric constituents in the MWIR. 
However, hyperspectral imaging in the MWIR is more challenging at ambient Earth temperatures 
because less radiance is available to measure. We describe how hyperspectral images in the MWIR 
can be acquired with an instrument using an uncooled microbolometer married to a Sagnac 
interferometer. Standard characterization tests are used to benchmark the performance of the 
microbolometer instrument with a cryogenically cooled photon detector with the same optical 
design. At a spectral resolution of 100 cm-1 (17 bands between 3 and 5 µm), we measured a signal-
to-noise ratio (SNR) of 100 at 303 K with the microbolometer instrument, and an SNR of 50 at 50 
cm-1 (33 bands). Results from this work show that coupling microbolometers with interferometers 




Hyperspectral imaging (HSI) is defined as acquisition of image frames at several narrow 
contiguous spectral bands [Goetz et al., 1985; Rinker, 1990; Schott, 2007]. This imaging technique 
provides strong advantages when trying to disentangle compositions, as it acquires a complete 
spectrum of each element within a scene, i.e., for each pixel [Goetz et al., 1985]. HSI has a wide 
variety of uses in terrestrial and planetary remote sensing. It has been used for quantifying 
geological and atmospheric processes [van der Meer et al., 2012], mineral identification and 
vegetation mapping [Goetz et al., 1985], and as a reconnaissance tool for military applications and 
chemical identification [Kumar et al., 2015; Makki et al., 2017; Briottet et al., 2006]. 
 Many HSI instruments have flown on aircrafts, including AVIRIS, SEBASS and TASI-600 
[Vaughan et al., 2003; Pignatti et al., 2011; Thrope et al., 2013]. To date, Hyperion on EO-1 is the 
only infrared hyperspectral instrument flown in space for terrestrial remote sensing. However, 
many have been flown to other planets, i.e., TES on Mars Global Surveyor, Mini-TES on the Mars 
Exploration Rover, OTES on OSIRIS-REX, and CRISM on MRO. Just like its use for planetary 
remote sensing, the use of HSI is a viable option for terrestrial remote sensing [Barudcci et al., 
2010] and is a growing field with increasing interest for military and civilian applications [Shukla 
and Kot, 2016; Rogalski, 2017]. 
 The use of HSI on small satellites is a growing field because of the extensive scientific 
applications and also because of the lower launch costs and faster development times. However, 
small satellites have limitations on the size, weight, and power available to the instrument. Most 
infrared hyperspectral imagers use highly sensitive detectors, traditionally cooled to less than 100 
K. All the instruments mentioned above use either cooled detectors or a Michelson interferometer 
that requires a moving mirror to create a spectrum. The use of moving parts, cryogenic liquids, or 
cryocoolers makes these instruments consume large amounts of power while also requiring large 
instrument footprints. To mitigate the power, size, and weight constraints of small satellites, 
researchers have begun investigating the use of uncooled microbolometer arrays coupled to static 
imaging interferometers to acquire HSI data [Barducci et al., 2010; Lucey and Wilcox, 2003; 
Lucey  et al., 2008; Alain ,1994]. Instruments utilizing this type of coupling are attractive prospects 
for small satellites. 
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 Recent improvements to microbolometer technology have led to more sensitive detectors 
allowing for their use in HSI instruments that mainly operate in the long-wave infrared (LWIR) 
from 8 to 14 µm. Lucey and Wilcox (2003) showed that integrating a static imaging interferometer 
with a microbolometer for LWIR HSI results in signal-to-noise ratios (SNR) of a few hundred. 
Following this work, it has been shown that such an instrument can acquire useful scientific data 
for mineral, chemical, and gas detection [Crites et al., 2012; Crites et al., 2014; Lucey et al., 2012; 
Wright et al., 2016; Gabrieli et al., 2016]. In this project, we investigate the use of a similar 
instrument for the detection of CO2 in the mid-wave infrared (MWIR) from 3 to 5 µm.  
 Remote sensing in the MWIR is of interest due to the presence of greenhouse gases, such as 
CO2 and CH4, that exhibit strong absorptions that are not obstructed by other spectral features. 
Unlike the LWIR, the MWIR experiences challenges when conducting remote sensing 
observations. The main area of complication is the limited MWIR signal available to measure in 
for typical surface temperatures and solar illumination (Figure 2.1). For terrestrial remote sensing 
this is a major disadvantage for observations in the MWIR. Many targets of interest have 
temperatures similar to the Earth’s ambient temperature in the range of 273 to 323 K. At these 
temperatures, the emitted signal in the MWIR is less than that available in the LWIR (Figure 2.1). 
Figure 2.1: Spectral radiance (units: W m-2 sr-1 µm-1) reflected from a surface with unit reflectance (orange), emitted 
from a surface with unit emissivity at 300K (green), emitted from a surface with unit emissivity at 1400K (black).  
Atmospheric absorption is not included. 
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For this reason, MWIR instruments are typically cooled to cryogenic temperatures between 40 and 
110 K [Rogalski, 2002] to achieve high SNR from the ambient temperature targets. Operation of 
instruments at cryogenic temperatures, as mentioned above, causes instruments to have large 
footprints and consume more power. 
 A unique application for MWIR remote sensing is observation of high temperature 
phenomena, such as wildfires, lava flows, and lava lakes. There targets can reach temperatures of 
700 to 1400 K [Wooster et al., 2003; Peale et al., 1979; Howell, 1997] increasing the amount of 
signal emitted (Figure 2.1) and, therefore, making MWIR remote sensing observations of such 
targets more attainable.  
 In this project, we developed a low mass, power efficient MWIR hyperspectral instrument 
that can be flown on small satellites to observe high temperature phenomena by using a static 
interferometer and an uncooled microbolometer detector array. We present the design, spectro-
radiometric characterization of this instrument called the Miniaturized Infrared Detector of 
Atmospheric Species (MIDAS). We report the MIDAS instruments precision and benchmark its 
performance against a similar instrument with the same optical design but using a cooled detector 
array. We then evaluate the MIDAS instruments performance by measuring volcanic CO2 
emanating from a lava lake on Hawaiʻi Island that was active until 2018 using the MIDAS 
instrument. 
2.2 Design and Data Processing of the MIDAS MWIR Hyperspectral Imager 
 The MIDAS instrument includes an uncooled microbolometer detector coupled to a static 
Fourier transform imaging interferometer. These two fundamental components of the MIDAS 
instrument allow it to be compact, lightweight, and power conservative. Use of an uncooled 
microbolometer detector array is enabled by recent improvements in detector technology providing 
high pixel counts with sensitivities in the tens of mK [Rogalski, 2017; Kruse, 2002; Honniball et 
al., 2017]. As their name suggests, microbolometer arrays are extremely small bolometers arranged 
into a grid, and detectors almost universally use either amorphous silicon or vanadium oxide (VOx) 
bolometer technology [Kruse 2002]. Each individual bolometer (i.e., each pixel) absorbs incident 
radiation and converts it to an electrical signal. The typical application of microbolometer detectors 
is high resolution thermal imaging, but spectroscopy has somewhat different requirements. In 
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particular, a flat spectral response is desirable, but at minimum, the spectral response of detector 
must be known in order to judge its utility for a specific spectral application. Part of this project 
was to characterize the spectral response of the microbolometer.  
2.2.1 Concepts of the Spatial Interferometer 
 The concept of using spatial interference patterns, i.e., an interferogram, for spectroscopy was 
introduced in 1979 by Caulfield and later demonstrated by Okamoto et al. (1984). Since then, 
several variants of spatial interferometer spectrometers have been produced, principally for remote 
sensing [Lucey and Wilcox, 2003; Lucey et al., 2008; Smith and Schemp, 1991; Lucey et al., 1993; 
Rafert et al., 1994; Smith and Hammer, 1996; Minnett and Seller, 2005; Horton, 1996]. Spatial 
interferometers, like the traditional Michelson interferometer use Fourier transform operations to 
convert raw data to a spectrum. Unlike the Michelson interferometer, however, spatial 
interferometers are designed to collect spatial characteristics of the imaged scene along with the 
spectral data [Schott, 2007].  
 There are several advantages to using an interferometer, such as multiplexing and throughput 
[Vaughan et al., 2003; Barducci et al., 2010; Griffiths and Haseth, 1986; Seller and Boreman, 
2003]. The multiplex advantage arises from interferometers capability of measuring all spectral 
bands simultaneously [Alain, 1994; Griffiths and Haseth, 1986]. Interferometers also allow 
substantially more light into the system than dispersive spectrometers that require a slit [Alain, 
1994; Griffiths and Haseth, 1986]. Both of these principles act to increase the amount of signal 
measured and therefore increase the sensitivity of a system employing an interferometer, though 
it should be noted that these advantages apply only when using read noise limited detectors like 
microbolometers. When using detectors where the SNR is dominated by photon statistics, these 
advantages are not present. However, an interferometer is an optimum choice when a 
microbolometer detector is required, for example for power consumption reasons. 
 For this project we chose to use the triangular Sagnac interferometer for the MIDAS 
instrument. The Sagnac interferometer is a two-beam common path spectrometer [Seller and 
Boreman, 2003]. When light enters the Sagnac interferometer, it first encounters a beamsplitter 
that splits the incident radiation into a transmitted and reflected beam which then traverse the 
interferometer in opposing directions, one clockwise and the other counterclockwise, controlled 
by two mirrors in a triangular configuration (Figure 2.2). The two beams recombine at the 
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beamsplitter on the second encounter and the recombined beam is then imaged onto a detector. 
The beamsplitter introduces a phase-delay between the two beams [Barducci et al., 2010] which 
generates a spatial interferogram superimposed onto the scene in each frame.  
 Across the detector array, there is a linear change in phase difference with respect to the optical 
axis, termed the optical path difference [Barducci et al., 2010]. This results in each column on the 
detector array measuring a single optical path difference and, therefore, a single part of the 
spectrum [Lucey et al., 2008]. To create a full spectrum, all optical path differences for a point in 
the scene must be measured; this is accomplished by operating the instrument in a push-broom 
mode. The design of the Sagnac interferometer allows spectra to be acquired without the need for 
moving components within the interferometer, unlike the Michelson interferometer that requires a 
moving mirror to create the interferogram. A unique characteristic of the Sagnac is that 
adjustments to either one of the mirror’s alignment can increase or decrease the spacing of the 
fringes within the interferogram and therefore can change the spectral resolution of the instrument 
[Alain, 1994].  
 Instruments using the Sagnac interferometer have many advantages for small satellites. The 
lack of moving parts make the instrument robust against vibrations, alignment problems, and 
mechanical failure [Alain, 1994] while also allowing them to be compact, lightweight, and power 
Figure 2.2: Schematic of a triangular Sagnac interferometer and ray trace of the two common path beams. The 
beams are separated for clarity. 
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efficient. Such instruments are also attractive for the fast moving platform of small satellites 
because they operate in a push-broom mode unlike the Michelson interferometer, which requires 
staring at a single location while the mirror is mechanically moved to produce the interferogram 
[Schott, 2007; Alain, 1994]. 
2.2.2 Collection of Data and Processing 
 As mentioned in the previous section, a single acquired frame of a scene will contain only part 
of the optical path difference needed to construct a spectrum (Figure 2.3a). This is closely 
analogous to a linear variable filter spectrometer, where each column corresponds to an individual 
wavelength. Obtaining the complete spectral information is accomplished by scanning the 
interference pattern across each point of interest and acquiring multiple frames (Figure 2.3a). The 
resulting data set is co-registered into a data cube containing the full image of the scene at all the 
optical path differences for each pixel on the array (Figure 2.3b). Within this data cube, each pixel 
now has the complete interferogram needed to derive a spectrum stored along the z axis (Figure 
2.3b and c). Standard Fourier transform operations are then performed on each interferogram to 
derive a fully calibrated spectral radiance cube (Figure 2.3d). Each pixel within the spectral 
radiance image cube now contains a complete spectrum also stored along the z axis (Figure 2.3e). 
2.2.3 The MIDAS Instrument 
 The MIDAS instrument contains an uncooled microbolometer married to a Sagnac 
interferometer. The size and configuration of a Sagnac interferometer place boundary conditions 
on the instrument design. Sagnac interferometers have an aspect ratio that controls the amount of 
vignetting that will occur in the images and therefore limits the field of view (FOV) to be less than 
or equal to the aspect ratio of the interferometer [Seller and Boreman, 2003]. The aspect ratio is 
defined at the ratio between the entrance and exit aperture, i.e., the beamsplitter, and the distance 
between the two apertures if the interferometer is unfolded [Seller and Boreman, 2003]. For the 
triangular configuration, the aspect ratio is 6.8 to 1 for a refractive index of 1 [Lucey et al., 2008; 
Seller and Boreman, 2003]. The FOV and the size of the focal plane then fixes the focal length of 
the instrument. Ideally a lens with an f-number of 1 is desired for high sensitivity, but to reduce 
vignetting, an f-number closer to 2 is desired. Low f-numbers improve sensitivity for any optical 
system, but increase vignetting. For the MIDAS instrument, we compromised with an f-number 
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between the two of 1.4 to optimize the sensitivity and minimize the vignetting. The size of the lens 
then dictated the size of the interferometer so that an aperture with a clear field of view was 
achieved.  
Figure 2.3: Collection of hyperspectral data by scanning a scene, stacking the frames and "drilling" down through 
the cube to extract an interferogram for each element in the array. Performing Fourier Transform techniques on the 
interferogram derives a calibrated spectral radiance spectrum for each scene element. 
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 The MIDAS instrument (Figure 2.4a) consists of three components, the Sagnac 
interferometer, a Fourier transform lens (used to image the interferogram onto the detector), and 
the uncooled microbolometer. The Sagnac interferometer (Figure 2.4b) is made of two gold-coated 
fold mirrors that are 25.4 x 25.4 mm from Thor labs and a 76.2 x 50.8 x 10 mm ZnSe beamsplitter 
from Spectral Systems LLC. The Fourier transform lens has a 50 mm focal length that was a 
custom designe and built for the MIDAS instrument by New England Optical Systems. Lastly, the 
microbolometer used is the INO MicroXcam and the specifications for the detector are listed in 
Table 2.1. One of its important features is a spectrally flat gold-black coating. A replica instrument 
was also built using the same optics as MIDAS, but instead used the IRCamera 803 liquid nitrogen 
(LN2)-cooled InSb photon detector as the sensor. The specifications are also listed in Table 2.1. 
We compared the performance of the MIDAS instrument to the cooled variant (CIDAS), which is 
used as a standard.  
Table 2.1 Detector specifications 
Detector INO MicroXCam-384i IRC803 
Type VOx, gold-black coating InSb 
Manufacturer INO IRCamera 
Number of pixels 384x288 320x256 
Pixel size 35 mm 30 mm 
Spectral range 2 - 14 mm 1 - 5.3 mm 
Frame rate 30 fps 478 fps (max) 
NEdT < 35 mK < 20 mK 
Weight < 1 lbs < 7 lbs 
Power < 3 W 12 W 
Figure 2.4: a) The packaged MIDAS instrument with the uncooled microbolometer. b) The triangular Sagnac 
interferometer. 
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2.3  Instrument Characterization and Spectro-Radiometric Performance 
 For each of the breadboard implementations (uncooled microbolometer and cooled photon 
detector), we conducted a series of characterization tests: camera stability, wavelength calibration, 
spectral response, and sensitivity. The sensitivity tests are used to determine how well each 
instrument can measure radiance as a function of wavelength and spectral resolution. To quantify 
this, we used three standard sensitivity metrics, signal-to-noise ratio (SNR), noise equivalent 
spectral radiance (NESR), and noise equivalent differential temperature (NEdT). 
2.3.1 Camera Stability 
 Before conducting any sensitivity tests, we determined the duration of each detector’s 
warm-up period before stabilization. This was performed by having each camera view a blackbody 
(CI-Systems SR800-8D 8” x 8”) at a stable temperature of 100°C for a period of four hours while 
100 frames of data were collected every 30 seconds. Data collection began immediately upon 
turning on the camera. In the case of the IRCamera, data were collected when the focal plane 
temperature reached ~85 K to avoid damaging the detector. Results from the stability tests are 
shown in Figure 2.5. The INO microbolometer shows a rapid decrease in Digital Number (DN) 
within the first hour of being turned on (Figure 2.5a). After the initial hour, the microbolometer 
has an hour of stable operation before it begins to experience a slight drift in DN around the two 
hour mark. The drift could be caused by the 1/f noise, fluctuations of the temperature in the room, 
or the microbolometer warming up from use.  
Figure 2.5 Camera DN and temperature stability over a period of four hours. a) The INO camera reaches stabilization 
around an hour after turn on. b) IRCamera DN stabilized 30 minutes after cooling began, there is a slight drift of DN 
for the duration of the test. c) IRCamera focal plane temperature is directly linked to DN stability. 
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We found that the IRCamera required a minimum of 30 minutes to stabilize after 
initialization (Figure 2.5b). After this time, the camera showed a slight downward drift in output 
reaching a minimum after two hours and then increasing for the remainder of the test (Figure 2.5b, 
insert). The LN2 hold time of the IRCamera dewar is reported to be four hours with the camera 
running; however, the temperature of the focal plane, as indicated by an on-chip sensor, began to 
warm up by a few tenths of a K in the last two hours of the test and this small increase was reflected 
in a slight drift of the output DN (Figure 2.5c). This is likely due to the LN2 boiling off as the 
dewar was not refilled during the four hour test. In light of this, subsequent measurements to derive 
SNR, NESR, and NEdT were conducted between 60 and 120 minutes of camera turn-on for both 
the INO microbolometer and IRCamera photon detector.  
2.3.2 Wavelength calibration 
Wavelength calibration of the instruments is accomplished by placing a back-illuminated 
narrow band filter in front of the interferometer. This produces a peak in the Fast Fourier 
Transform (FFT) of the interferogram from which the resolution and wavelength positions can be 
determined. As mentioned in Section 2.2.1, the Sagnac interferometer’s spectral resolution can be 
varied with slight adjustments to one of the mirrors alignment. Spectral resolution and SNR are 
inversely proportional to one another as the available signal is more finely divided with increasing 
spectral resolution. Because of this, we conducted sensitivity tests at two spectral resolutions of 50 
and 100 cm-1. 
2.3.3 Spectral Response of the Individual Cameras 
To understand the SNR measurements, we needed to establish the spectral response of the two 
detectors and how it affects the SNR. The INO microbolometer was manufactured to have a 
spectrally flat response across 2 to 14 µm, but to be confident in the SNR measurements, we also 
conducted the spectral response test on the microbolometer. An in-depth description of the spectral 
response measurements can be found in Honniball et al., (2017) but a brief overview will be given 
here. 
Measurement of the spectral response of each camera required a spectral radiance source with 
adjustable narrow bands. We used a monochromator (Oriel 77250) illuminated by a hot blackbody 
set to 700°C. We measured the incident irradiation, which was split by the monochromator into 
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narrow spectral bands. We calibrated the output of the monochromator with a pyroelectric detector 
with flat spectral responses. To calibrate the monochromator over the full MWIR region, two 
gratings were used, the Oriel 77301 [150 l/mm, 3.5µm blaze] for 2 to 5 microns and the Oriel 
77302 [75 l/mm, 7µm blaze] for 4 to 9 microns. The two resulting calibration curves were 
combined into one curve, which is then used to calibrate the microbolometer and photon detector.  
The microbolometer and InSb IRCamera spectral response was measured by viewing the 
calibrated output of the monochromator. The measured digital counts curves of the two cameras 
as a function of wavelength were divided by the calibration curve measured by the pyroelectric 
detector. The calibration curve and the full spectral response of the two cameras plus other 
microbolometers can be found in Honniball et al., (2017). Here we present in Figure 2.6 only the 
MWIR results of the INO microbolometer and the IRCamera photon detector used in this project.  
In Figure 2.6, the solid line represents the calibrated spectral response curve of the cameras. 
The dashed line is the raw response before the monochromator output is calibrated out. The blue 
region shows an anomaly around 4.25 µm due to atmospheric CO2 in the path between the 
blackbody and the detector, and the red region shows where the two curves were merged for the 
two different gratings. The INO microbolometer (Figure 2.6a) was found to have a flat spectral 
response, as expected, from 3 to 6 microns, and even beyond that as shown by Honniball et al. 
Figure 2.6 Spectral response of the MWIR INO microbolometer (a) and the IRCamera InSb photon detector (b). The 
dashed lines are raw response of the camera to the output by the monochromator. Solid lines are the raw response 
divided by the MWIR calibration curve. The anomaly at 4.2 µm (blue region) in the calibrated spectral response curve 
is due to varying path length and varying CO2 concentration in the room. The spectral response curve was pieced 
together from measurements made using two gratings (blazed at 3.5 µm and 7 µm). The transition between the two 
sets of measurements is shown by the red bar. 
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(2017). The InSb IRCamera (Figure 2.6b) shows a spectral response typical of InSB detectors 
[Rogalski, 2002]. For our applications of hyperspectral imaging, the flat spectral response of the 
INO microbolometer is ideal. 
2.3.4 Sensitivity Tests 
 Measurement and calculation of the sensitivity parameters SNR, NESR, and NEdT required 
observation of a NIST-traceable large area blackbody at multiple temperatures (Figure 2.7). We 
used a CI-Systems SR800-8D 8” x 8” that provides temperatures from 0˚ to 100˚C. The acquired 
data were converted from digital number to spectral radiance using the processing procedure 
described in section 2.2.2. However, because the blackbody is uniform and filled the FOV of the 
instruments, scanning was not required. Due to this, any error introduced in the data reconstruction 
algorithm is not included in the reported sensitivities. After conversion to spectral radiance, the 




           (2.1) 
 where 𝐿7 is the spectral radiance at a specific wavelength and lastly the NEdT is found by: 
𝑁𝐸𝑑𝑇 = 𝑁𝐸𝑆𝑅 ∗ KL
KCD
     (2.2) 
where 𝛥 is the change in spectral radiance (𝐿7) over the change in temperature (𝑇). 
 We measured the sensitivity of the instruments at nine temperatures ranging from 10 to 90°C 
and at spectral resolutions of 50 and 100 cm-1 (Figure 2.7). For each sensitivity measurement of a 
specific temperature, three temperatures were used: two calibration temperatures that bracket the 
target temperature by ± 10°C, e.g., for a target temperature of 50°C, two calibration temperatures 
of 40 and 60°C are used. The sensitivity metrics above are calculated from the center rows in the 
frames to avoid the vignetting effect caused by the instrument’s design. Results are shown in 
Figure 2.7. For both the uncooled INO microbolometer and InSb IRCamera instruments, SNR, 
NESR, and NEdT were better for the 100 cm-1 data compared to that acquired at 50 cm-1. Both 
instruments show a 50% increase in SNR between the two spectral resolutions. Not surprisingly, 
the cooled InSb detector instrument is approximately 10 times more sensitive than the 
microbolometer instrument. However, at 90°C the microbolometer based system provides several 
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hundred SNR which suggested that it would provide excellent data at the much higher temperature 
application of gas measurements at a volcanic lava lake. 
 
Figure 2.7 SNR, NESR and NEdT measurements of the MIDAS (INO Microbolometer) and CIDAS (InSb IRCamera) 
instruments at 50 and 100 cm-1. 
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2.4  Volcanic Gas Observations Using MIDAS 
 Following the completion of laboratory calibration and instrument sensitivity 
characterization, MIDAS was prepared for field deployment to the then-active lava lake of Kīlauea 
Volcano on Hawaiʻi Island on July 25th, 2017. From 2008 to 2018, Kīlauea was home to an active 
lava lake that provided a continuous source of volcanic CO2, SO2, and H2O gases. The high 
temperature of the lava lake surface provided high radiance allowing for MWIR observations of 
the emitted volcanic gases. The MIDAS instrument was set up along the edge of the Halemaʻumaʻu 
crater overlooking the lava lake (Figure 2.8). This allowed us to use the lava lake as a source of 
radiance with the gas plume occupying the space between MIDAS and the lake. MIDAS performed 
continuous spectral imaging observations of the gas plume over the course of an hour. For this 
project, we are most interested in quantifying the concentration of CO2 present in the Kīlauea 
volcanic gas plume. The CO2 absorption is at ~4.25 µm, in the center of our wavelength range.  
2.4.1 In Field Radiance Calibration 
As in the laboratory tests, the MIDAS instrument undergoes two calibrations for accurate 
observations in the field, a wavelength and radiance calibration. The wavelength calibration in the 
field is accomplished the same way as described in Section 2.3.2 and was routinely collected.  
Figure 2.8 The MIDAS instrument monitoring the late Halemaʻumaʻu lava lake. 
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A radiance calibration is necessary to convert the measured DN to measured radiance. In the 
laboratory, this is performed by observing large area NIST traceable blackbodies at two 
temperatures surrounding the target temperature to allow interpolation. In the field, and for target 
temperatures below 100°C, this is easily accomplished using portable blackbodies. However, 
typical lava lake surface crust temperatures range from 300 to 500°C [Peale et al., 1979; Howell 
1997], and our available portable blackbodies cannot reach such temperatures. So, we are forced 
to extrapolate the calibration to high temperature. We used a portable blackbody that is observed 
at 50 and 100°C. The calibration frames are then converted from temperature to radiance units 
because the extrapolation to higher temperatures in units of radiance is nearly linear while in 
temperature units the extrapolation is non-linear. The non-linearity with temperature is due to the 
non-linear function of photons with temperature. After the data is radiance-calibrated, we 
calculated the brightness temperature at 4.0 µm (Figure 2.9). The temperatures derived from the 
lava lake are within the range reported by Spampinato et al. (2008) and Patrick et al. (2018) 
indicating that the extrapolated radiance calibration is performing well.  
2.4.2 Radiative Transfer Modeling 
Radiative transfer models are commonly used to interpret remotely obtained infrared spectra 
of gases and to derive concentrations. For this project, we developed a fully resolved line-by-line 
radiative transfer model similar to that of Khayat et al. (2015; 2017). For a given gas concentration, 
Figure 2.9: Brightness temperature map calculated from the spectral radiance map of the Halemaʻumaʻu lava lake at 
4.0 µm. 
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the model calculates the line-by-line, wavelength-by-wavelength, fully resolved transmission 
spectrum through a given path length. Using the HITRAN database of 2012 [Rothman et al., 2013], 
gas molecule parameters, such as line strength, transition of central frequency, and broadening 
coefficients are found. In the model, we neglect multiple scattering due to minimal scattering in 
the MWIR. Gas emissivity and transmission are assumed to sum to unity. 
The transmission and emission spectrum of a gas mixture is calculated assuming a gas mixing 
ratio, temperature, pressure, and total path length. Radiance is the sum of the gas emission and 
background radiance (in our case, the radiance from the lava lake) multiplied by the transmission. 
The resultant fully resolved spectrum is convolved with a Gaussian function at the MIDAS 
instrument spectral resolution to produce a radiative transfer model at the MIDAS spectral 
resolution. Assuming the temperature of the volcanic gas plume within the volcanic pit is lower 
than the surface of the lava lake, (a reasonable assumption since the plume quickly intermixes with 
the atmosphere and cools rapidly), emission is assumed negligible compared to transmission. 
However, the exact temperature of the gas plume within the volcanic pit is unknown and very little 
work on volcanic gas plume temperatures has been conducted. One study reported the temperature 
of the gas plume near the main vent of Mt. Ontake at 90. 6˚C [Mori et al., 2016]. Based on the 
measurement by Mori et al., (2016) and the little work done on volcanic gas plume temperatures 
within the volcanic pit, we assumed a gas plume temperature of 100°C for our radiative transfer 
models.  
To demonstrate the utility of the MIDAS instrument for volcanic gas detection, the total path 
concentration of the gas plume was sought. The radiative transfer model used the same viewing 
geometry as MIDAS used in the field. Figure 2.10 schematically depicts MIDAS overlooking the 
lava lake. Retrieval of gas concentrations measured by MIDAS was compared to spectral data in 
a large lookup table of gas transmissions with varying gas abundances from 0 to 500,000 ppm. To 
make this comparison, we first convert the spectral radiance spectra measured by MIDAS to 
measured transmission. This is accomplished by using the brightness temperature at 4.0 µm 
(Figure 2.9) and removing a blackbody curve at the given temperature.  
Each MIDAS transmission spectrum is compared to model transmission spectra to find the 
best fit and therefore providing the concentration of gas present. Lastly, because we are mainly 
interested in volcanic CO2 for this project, we subtract the atmospheric CO2 concentration present 
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on that day. The CO2 concentration is measured daily on Mauna Loa [Daily CO2]. For every pixel 
in the spectral radiance image, a CO2 concentration is modeled to produce a two-dimensional 
image of total gas concentration in units of ppm. 
2.5 Results of Volcanic Gas Measurements 
A single scan is presented here using the aforementioned methods. Each individual frame used 
an integration time of 30 ms. The spectral radiance image of the lava lake at 4.58 µm is shown in 
Figure 2.11. Lava lakes are topped with lava that has cooled sufficiently to form a layer of crust 
typically at temperatures ranging from 573 to 873 K [Peale et al., 1979; Howell, 1997]. This crust 
Figure 2.10 Viewing geometry of MIDAS and the radiance through the volcanic gas plume. 
Figure 2.11 Spectral radiance image at 4.58 µm of the Halemaʻumaʻu lava lake. Variations on the lava lake are 
consistent with temperature differences seen in Figure 8. The black fractures are due to saturation. 
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is constantly changing and surface fractures come and go. The surface fractures reveal fresh lava 
at temperatures of ~1400 K [Peale et al., 1979; Howell, 1997]. It can be seen that crust further 
from fractures are darker, indicating the crust is cooler and older. The variations in the spectral 
radiance image can also be seen in the brightness temperature map in Figure 2.9. Fractures that 
appear dark were hot and caused saturation of the detector. 
The spectral radiance is converted to transmission, and each spectrum was run through the 
radiative transfer model. An example of a transmission spectrum acquired by MIDAS is shown in 
Figure 2.12. The spectrum in Figure 2.12 has a CO2 abundance of 2,773 ppm with an uncertainty 
of ± 167 which was derived from the standard deviation of a uniform area in the spectral radiance 
image on the lava lake.  
Fine scale spatial variations in CO2 abundance over active lava lakes have not previously been 
reported. The imaging nature of the MIDAS instrument allows us to create an abundance map of 
CO2, seen in Figure 2.13. Striping across the map, like the stripe across the top third of the map, 
is due to effects of noise and artifacts due to systematic noise correction across the image. Light 
grays areas on the lava lake are plumes where CO2 is concentrated. Subtle variations near the noise 
level could be gas escaping from fractures in the crust. Non-saturated cracks do not appear to have 
Figure 2.12: Transmission spectrum acquired by MIDAS of the Halemaʻumaʻu lava lake (black). Modeled 
transmission spectrum (red) with CO2 abundance of 2773 ± 167 ppm. 
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increased CO2 emanating from them. It can also be seen that the abundance of CO2 is not constant 
across the image as a result of entrainment with the atmosphere. The maximum abundance of CO2 
observed in this scan is 3,313 ± 167 ppm with a minimum of 2,553 ± 167 ppm.  
2.6  Conclusions 
Despite challenges such as atmospheric absorptions, mixture of signal, and the limited signal 
available to detect, there remains a wealth of information in the MWIR. Measurements in the 
MWIR region can provide important information pertaining to the chemical composition of Earth's 
atmosphere, planetary bodies, and high temperature phenomena such as active lavas lakes. The 
MIDAS instrument allows hyperspectral imaging in the MWIR by combining relatively insensitive 
uncooled microbolometers with an imaging interferometer. Instruments like the MIDAS 
instrument are attractive for space applications due to their low mass and low power consumption. 
We have demonstrated that uncooled microbolometers coupled with Sagnac interferometers can 
provide several hundred SNR for targets above 90˚C. An interesting result of the sensitivity tests 
is that the cooled IRCamera coupled to an uncooled Sagnac interferometer provided high SNRs 
for temperatures near Earth’s surface temperature. For this cooled variant, while power savings on 
the detector side are little, the power saved from uncooled optics makes this instrument an 
interesting candidate for small satellites. 
Figure 2.13: Map of CO2 emanating from the Halemaʻumaʻu lava lake on July 25, 2017. Subtle variations can be 
seen in the image with some areas showing locations of CO2 plumes. 
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With the MIDAS instrument, we were able to obtain spectral radiance data that show 
temperatures that are reasonable for active lava lakes. We were able to produce spectral radiance 
images, brightness temperature maps, and maps of CO2 from the radiance data for each pixel in 
the image. Using a radiative transfer model, we found CO2 abundances between 2,553 – 3,313 ± 
167 ppm. The spectrum shown in Figure 2.12 demonstrates that the MIDAS instrument can acquire 
meaningful and useful spectra in the MWIR and can be used to back out the concentration of 
volcanic CO2. 
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Prior to 2009, the Moon was believed to be anhydrous. However, observations by three spacecraft 
revealed a hydroxylated surface by reporting a 3 µm absorption band attributed to hydroxyl (OH) 
and possibly molecular water (H2O). The band exhibits variations with lunar time of day, 
temperature, soil maturity, and composition.  
 Measurements of the 3 µm band were revolutionary, however, the returned spacecraft data 
have limitations in spatial resolution, global coverage, lunar time of day, and spectral coverage 
that make full characterization of the 3 µm band difficult. Recently, the presence of variation in 
the 3 µm band has been called into question due to uncertainties in spacecraft data. The Moon 
Mineralogy Mapper (M3) spectrometer, onboard the Chandrayaan-1 spacecraft provided global 
coverage at high spatial resolution and several local times of day, however its spectral range ends 
at 3 µm. Due to the limited wavelength range of M3, the variation in the band has been called into 
question due to uncertainties in the thermal corrections. At lunar temperatures, the signal at 3 µm 
is a combination of thermal emission and solar reflected radiance. This combination is difficult to 
separate in M3 data due to the lack of data beyond 3 µm where the thermal emission dominates. 
This causes attempts to remove thermal emission in M3 data to be ambiguous, and there is no 
consensus on how to properly remove the thermal component.  
 To investigate the validity of variations in the 3 µm band, we used the SPeX infrared cross-
dispersed spectrograph at the NASA InfraRed Telescope Facility (IRTF) at Maunakea Observatory 
in Hawaiʻi. With SpEX, we are able to obtain lunar data over a wavelength range of 1.67 to 4.2 
µm of the entire Earth-facing hemisphere at 1 – 2 km resolution. The goal of this project is to 
determine if the 3 µm band exhibits a diurnal variation by utilizing wavelengths beyond 3 µm 
provided by SpEX to strongly constrain thermal models. If the variation is observed in SpEX data, 
the variation can be considered real and due to changes in the abundance of total water.  
 Data has been acquired on ten different nights at multiple locations on the Moon to capture a 
wide range of local times, temperatures, and compositional regions. From this new data set with 
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improved thermal removal, we find a diurnal variation of the 3 µm band along with variations with 
latitude and composition. Along each observed chord, as a function of latitude, there are strong 
variations in OH/H2O abundances. Diurnally, we observe a decrease in abundance with increasing 
lunar local time. We observe an asymmetric trend about the equator that favors the southern 
latitudes with higher water abundances. We also observe higher concentrations in highland regions 
and at geologically interesting features such as craters and pyroclastic deposits. The longer 
wavelengths provided by SpEX have allowed us to examine variations in the 3 µm band and 
provide definitive evidence that the variations are due to changes in hydration. This result will 
have great impacts on models for the production of solar wind induced hydroxylation and the 





 A major discovery in lunar science in 2009 was the report of a widespread 3 µm band on 
the lunar surface, or across the lunar surface by three different spacecraft, Chandrayaan-1, Deep 
Impact, and Cassini [Pieters et al., 2009; Sunshine et al., 2009; Clark, 2009]. This hydration feature 
is in the 2.8 to 3.5 µm region (referred to as the “3 µm band”) and is due to the presence of hydroxyl 
(OH) attached to a metal cation, molecular water (H2O), or a combination of the two [Stolper, 
1982; Starukhina, 2001; King et al., 2004; McIntosh et al., 2017]. The discovery of the 3 µm band 
on the surface of the Moon was surprising to the lunar remote sensing community. However, it 
could have been anticipated, as several laboratory studies observed 3 µm bands in experiments 
simulating the production of OH from solar wind interactions with oxygen-rich materials prior to 
2009 [Hapke, 1965; Zeller et al., 1966; Zeller and Ronca, 1967]. These studies showed that 
bombarding silicate glass materials, analogous to lunar regolith, with high-energy protons, 
analogous to solar wind, produces OH on the surface of the grain and will exhibit a 3 µm band 
[Zeller et al., 1966; Zeller and Ronca, 1967] and was later confirmed by advanced studies 
[Ichimura et al., 2012; Mattern et al., 1976; Siskind et al., 1977; Guermazi et al., 1987; Gruen et 
al., 1975; Bradley et al., 2014]. However, what probably could not have been predicted by these 
studies was the observed variation in the 3 µm band on the lunar surface.  
Variations of the 3 µm band intensity with temperature were reported using global imaging 
maps of the Moon by the infrared High Resolution Imaging spectrometer on Deep Impact 
[Sunshine et al., 2009]. From the spacecraft's distant vantage point during one of its two lunar 
flybys, the spectrometer captured global snapshots of the Moon. These data revealed a correlation 
between lunar surface temperature and the strength of the 3 µm band (Figure 3.1). The 
Chandrayaan-1 Moon Mineralogy Mapper (M3) spectrometer collected data from lunar polar orbit. 
During periods of repeat coverage, Pieters et al. (2009) reported diurnal variations in 3 µm band 
depth. The high resolution of the M3 instrument also revealed variations with lunar composition 
(aluminum rich highlands vs. iron rich mare), lunar latitude (independent of the observed diurnal 
variations), and lunar surface maturity (variation in degree of space weathering) [Pieters et al., 
2009, Sunshine et al., 2009, Clark, 2009; McCord et al., 2011; Li and Milliken, 2017; Wohler et 
al., 2017; Grumpe et al., 2019]. 
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 Variations in the 3 µm band have important implications for how the lunar surface interacts 
with the solar wind and micrometeoroids, and how water may be transported to the poles to sustain 
lunar polar ice deposits. However, the degree of band depth variation reported may not correspond 
to variations in abundance. It is known that thermal emission from the lunar surface can influence 
the apparent depth of the 3 µm band, but experts differ in how to compensate for this effect [Li 
and Milliken, 2017; Wolher et al., 2017; Grumpe et al., 2019; Bandfield et al., 2018]. The 3 µm 
region is complicated by the fact that it is a combination of solar reflected radiance and thermally 
emitted radiance [McCord et al., 2011]. At 3 µm, in all data acquired of the Moon, the measured 
quantity contains both a reflected and emitted component. Which term dominates (i.e., reflected 
or emitted) depends on solar illumination angle, albedo, average lunar surface temperature at the 
lunar time of day the data was collected, and the amount of shadows (due to surface roughness) 
present in the scene causing sub-pixel temperature mixing. Figure 3.2 demonstrates this mixture 
of radiance components. The intensity of the 3 µm band depth can be due to variations in the ratio 
of thermal to reflected radiance. Rather than the band varying due to changes in abundance of OH 
and/or H2O, the variation could be due to thermal infill of the 3 µm band, which is strongly 
influenced by the surface temperature and illumination conditions. To interpret the lunar spectrum 
and investigate variations and the abundance of OH + H2O (referred to as “total water” in the FTIR 
community [Stolper, 1982; McIntosh et al., 2017]) in the 3 µm band, the thermal emission must 
be removed. 
Figure 3.1: Deep Impact observations of the Moon of two separate days where the local time on the Moon advanced 
by 7.2 hours. The color represents the strength of the 2.8 µm band. [Sunshine et al., 2009] 
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3.2 Background 
 Data acquired by the Chandryaan-1 M3 spectrometer [Pieters et al., 2009] is most commonly 
used to investigate the 3 µm band variations due to its near global coverage at multiple lunar times 
of day. Three independent studies [Li and Milliken, 2017; Wolher et al., 2017; Grumpe et al., 2019; 
Bandfield et al., 2018] have addressed the removal of thermal emission and the variation of the 3 
µm band using M3 data, each study coming to a different conclusion. Li and Milliken (2017) 
reported strong variations with latitude, low abundances of total water near the equator and high 
abundances near the poles, and a strong diurnal effect between ~30˚N/S and ~60˚N/S that is 
asymmetric between morning and evening. Wolher et al., 2017 and Grumpe et al., 2019 reported 
weak variations with latitude and no diurnal effects below ~30˚N/S but strong diurnal effects above 
~30˚N/S that is symmetric between morning and evening. These aforementioned studies suggest 
the variation in the 3 µm band is due to changes in abundances. And lastly, Bandfield et al. (2018) 
reported a 3 µm absorption band that is always present, but their analysis shows no variation with 
lunar time of day, temperature, or latitude (Figure 3.3). This study suggests the variation in the 3 
Figure 3.2: Spectrum of the Moon showing thermal (blue) and reflected radiance (cyan). Reflected radiance 
dominates at shorter wavelengths while thermal radiance dominates at longer wavelengths. 
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µm is due to thermal infill instead of changes in abundance. These opposing results allow no 
definitive conclusions to be drawn about the behavior of the 3 µm band and therefore, the 
abundance of total water on the Moon. 
 The three studies differ because they treat the problem of thermal removal at 3 µm differently. 
Each study uses subtly different assumptions regarding the photometric and sub-pixel temperature 
behavior of the Moon, and these slight differences led to their different conclusions. Furthermore, 
data from M3 suffer from a fundamental and technical limitation: the data are limited to 
wavelengths below 3 µm while most thermal emission is at longer wavelengths. The reliability of 
the thermal correction is only very weakly constrained by the M3 data itself and there is little 
constraint on how realistically the thermal component has been removed.  
 McCord et al. (2011) pointed out that observations of the lunar surface at wavelengths beyond 
3 µm would greatly improve the removal of thermal emission and are even strongly recommended. 
To illustrate this limitation of M3 data and the value of longer wavelengths, we acquired spectral 
Figure 3.3: Bottom: Thermally corrected M3 data archived at the Planetary Data System. Top: same data corrected 
by Bandfield et al. 2018.  It is not known if the Bandfield et al. correction would perform properly at longer 
wavelengths. 
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measurements using the NASA InfraRed Telescope Facility (IRTF) on Maunakea in Hawaiʻi 
(Figure 3.4). The data were acquired at a latitude of 11°S, with the lunar surface at a temperature 
of ~300 K, and a lunar local time of ~08:00 am. The modeling is described in detail in Section 3.5 
but applied here as a demonstration. The spectrum in black in Figure 3.4 shows the spectrum with 
an optimum thermal model with a temperature of 297 K applied to remove the thermal component, 
while the green, blue, and red spectra have thermal models removed that are different from the 
optimized model by ± 2, 5, and 10 K, respectively. Figure 3.4a shows the spectra cut off at 3 µm, 
similar to the M3 data. With only the shorter wavelengths available, it is not possible to determine 
which thermal model and temperature is correct. All spectra in Figure 3.4a show, what appear to 
be, valid variation in the apparent band strength of the 3 µm band, varying from no absorption (top 
red spectrum with a model at 287 K) to a strong absorption (bottom red spectrum with a model at 
307 K). However, if we apply these same models to longer wavelengths provided by the IRTF data 
(Figure 3.4b), we see that the data from 3.5 µm to 4.2 µm show a behavior that is not appropriate 
for lunar spectra, with one spectrum even going to negative reflectance values. These plots 
demonstrate the issue surrounding the M3 data set and the utility of longer wavelengths to constrain 
thermal models.  
Figure 3.4: Demonstration of the importance of wavelengths beyond 3 µm. Data is of the Moon acquired by the IRTF 
at a latitude of 11°S and a lunar local time of ~08:00. The black spectrum is the data with the correct thermal model 
removed while the others are the same data with models ± 2, 5, and 10 K from the proper model. a) shows the data 
cut off at 3 µm similar to M3 while b) shows wavelengths out to 4.2 µm. In a, it is difficult to know which model is 
correct as the different 3 µm band strengths are reasonable measurements. In b however, it is clear when you apply 
incorrect thermal models to the data, the longer wavelengths no longer spectrally make sense for the lunar surface. 
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3.3 Contribution of Groundbased Astronomical Observations 
 Cassini and Deep Impact were spacecraft missions to other Solar System bodies that observed 
the Moon as a calibration target on the way to their final destination [Sunshine et al., 2009; Clark, 
2009]. As a result, the data acquired were few and have low spatial resolution. M3 on the other 
hand, from its vantage point in lunar orbit, provided nearly global high spatial resolution data at 
three separate lunar times of day. Unfortunately, as discussed above, M3’s spectral range ends at 
3 µm making it difficult to accurately correct for thermal radiation plaguing M3 data (Figure 3.4). 
These limitations to spacecraft data make it hard to address variations in the 3 µm band. 
Fortunately, observations from the groundbased NASA IRTF using the SpEX near-infrared 
spectrograph provide the spectral range, temporal coverage, and spatial resolution needed to 
independently investigate the 3 µm band variations (Figure 3.5). 
 SpEX provides a spectral range from 1.67 to 4.2 µm; the longer wavelengths are of extreme 
importance for this project as they provide a strong constraint on thermal models. Data from SpEX 
also provide access to the lunar nearside at all lunar times of day with a spatial resolution of 1 to 
2 km (at the center of disk), capable of resolving small geologic targets. In addition, access to the 
entire nearside hemisphere allows us to examine the variations with latitude and the temporal 
coverage allows us to address how and if the species creating the 3 µm band is varying with time 
of day. 
Figure 3.5: Comparison of M3, IRTF, Deep Impact and Cassini spectral range (a) and spatial resolution (b). The IRTF 
provides both the spectral coverage and spatial resolution needed to observe diurnal variations on the Moon. 
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 The existence of variation in the 3 µm band, called into doubt by Bandfield et al., 2018, is 
central to testing hypotheses for behavior of volatiles on the lunar surface. An independent test of 
the existence of this variation is the subject of this chapter. Here, we present a study of the variation 
of the 3 µm band using a new data set from the groundbased IRTF that allows us to address the 
thermal modeling issues by providing data beyond 3 µm with coverage not available in M3 data. 
A strength of using groundbased data is the access to true diurnal coverage. The IRTF allows us 
to control variations with composition by observing the same regions over multiple lunar times of 
day with varying temperature, and therefore, revealing the true nature of diurnal variations. If 
variations are still observed with the improved thermal removal, they are likely caused by changes 
in abundance of total water. In this case, variations in the 3 µm band seen with time of day, latitude, 
composition, and soil maturity can be taken as real changes in abundance. We will derive total 
water abundances and compare our estimates to previous spacecraft estimates.  
3.4 Lunar Observations with the IRTF 
 Observing the same lunar locations at multiple times throughout the lunar day and latitudes 
allows us to assess the diurnal variation of the 3 µm feature. With each passing Earth night, the 
time of day at a location on the Moon advances by ~0.8 lunar hours. Observations of the same 
location for multiple Earth nights and across different observing runs allows us to look at how the 
lunar time of day, and therefore, temperature of the surface, affects the variation in the 3 µm band.   
 Data were acquired with the IRTF SpEX cross-dispersed spectrograph imager that collects 
data from 1.67 to 4.2 µm using a 0.3 x 15 arcsecond slit (about 0.6 x 30 km at the lunar center of 
disk). We collected data in two modes that we call “maps” and “chords” (Figure 3.6). In maps, we 
treat SpEX as a pushbroom imager, collecting data while the spectrometer is read out, and using 
telescope control to scan the slit across the Moon. The advantage of "maps" is that it produces true 
images that are useful for finely locating features and assessing the presence of artifacts (Figure 
3.7). Maps are relatively time consuming to acquire as it takes about 2 seconds to read out the 
spectrometer data for each frame and we limit our rate of advance to ~2 arcseconds (~ 4km) per 
frame to provide a completely sampled image. Chords orient the slit along the axis of scan and are 
offset by 7 arcseconds per frame allowing us to scan much faster with continuous and adjacent 
spectra, producing spectral profiles, however, we lose the second axis of spatial information.  
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 We have acquired data along three chord lines on two consecutive nights in two different 
months, pole to pole maps on two consecutive nights, and four chord lines from pole to pole on 
different nights (Fig 3.6, 3.7 and Table 3.1). The pole to pole chord lines and maps are used to 
examine variations of the 3 µm feature as a function of lunar time of day and latitude. 
Figure 3.7: Map of high southern latitudes from ~65° to the pole using SpEX as an imaging spectrometer. 
Figure 3.6: Locations of lunar observations for this project. Each line indicated were data was collected. All were 
observed on two to three consecutive nights to capture any variation in the 3 µm absorption band with temperature 
and time of day.  
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3.5 Data reduction 
 The SpEX instrument offers several data collection modes: we used "LXD Short" that  
acquires spectra of the lunar surface from 1.67 to 4.2 µm with a spectral resolution of R ~ 2500 
[Rayner et al., 1998]. The Moon is the brightest and most extended object in the night sky, so lunar 
observations with SpeX are therefore susceptible to saturation. To avoid saturation, we use the 
narrowest slit available and integration times ranging from 0.5 to 1 second depending on the 
illumination conditions. If saturation is observed, it is typically at longer wavelengths near 4 µm 
and can be avoided in processing and interpretation, while still allowing wavelengths between 3 
and 3.5 µm to be used for thermal modeling. 
 The main advantage of SpEX is the full spectral coverage of the 3 µm absorption feature. 
SpEX provides this spectral range over seven spectral orders with partially overlapping 
wavelengths (Figure 3.8 and 3.9). Each order is extracted separately and spliced together in 
wavelength space during custom data reduction. Furthermore, each order overlaps the next by a 
few microns. When splicing the orders together, care is taken to avoid low signal areas in each 
Observation Date HST Lunar local time 
# of observations 
a night Phase Angle 
Hansteen 
Chord 
Oct   21  2018 0503-0722 2 28.8°, 28.4° 
Nov  19  2018 0556-0650 1 36.9° 
Nov  20  2018 0459-0729 2 25.1°, 24.9° 
Kepler Chord 
Oct   21  2018 0444-0921 2 28.6°, 28.3° 
Nov  19  2018 0603-0833 1 37.2° 
Nov  20  2018 0549-0901 1 25.2° 
Copernicus 
Chord 
Oct   21  2018 0557-1213 1 29.1° 
Nov  19  2018 0422-1255 3 37.8°, 37.6°, 37.4°  
Nov  20  2018 0544-1116 1 25.5° 
Pole to pole 
map 
Jan   17  2019 0911-0933 1 40.3° 
Jan   19  2019 1023-1129 1 11.5° 
Pole to pole 
chord 
Mar  27  2019 1632-1734 1 -84.1° 
May 13  2019 0704-0749 1 74.0° 
May 14  2019 0757-0837 1 60.7° 
May 15  2019 0847-0854 1 47.1° 
 
Table 3.1 List of data acquired. 
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order. A wavelength calibration is performed at the beginning and end of each observing run using 
an argon lamp calibration box attached to SpEX. 
 SpEX exhibits stray light, that is, a diffuse background of light from scattering within the 
spectrometer. Typical observations of stars and other point sources remove this stray light 
background through a process called "nodding", but nodding cannot be used for objects that fill 
Figure 3.9: The bright stripes are the 7 crossed dispersed orders of SpEX. Stray light can be seen between the orders 
when the contrast of the image is enhanced (left). The red stripes on the right indicate where stray light was moved 
into each order.   
Figure 3.8: The 7 overlapping crossed dispersed orders of SpEX. 
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the entire slit like our lunar observations. The stray light can be seen in the raw data between each 
of the cross dispersed orders, Figure 3.9. The standard software to reduce data from SpEX is the 
IDL-based spectral reduction tool SpEXTool [Cushing et al., 2004], which offers a way to remove 
the background in observations of point sources that do not fill the spectrograph slit. Because the 
Moon fills the spectrograph slit, we developed a method to use SpEXTool on stray light that 
appears outside the slit. Stray light is identified and moved from above and below each order into 
its respective order along the edges of the slit (Figure 3.9). At this position SpEXTool can be 
instructed to subtract this portion of the slit where we have moved in stray light from the data 
(these portions of the slit have low response and are discarded in processing by us, so do not result 
in loss of data). We then process the modified raw data with the stray light correction through 
SpEXTool as usual. An example of the stray light correction is shown in Figure 3.10.  
 The initial data reduction steps include internal flat fielding, wavelength calibration, and 
nonlinearity correction of each spectrum. The spectra are then extracted at 10 locations along the 
slit, and the flux is summed within a user defined aperture of 0.5”. After the data is processed 
Figure 3.10: Example of the stray light correction in the opaque water region of the atmosphere from 2.5 to ~2.8 
µm. The black spectrum sits on a pedestal of stray light causing the band to appear to have signal. Data after stray 
light removal is shown in red and now has a mean value of zero as expected in a region that is opaque. 
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through SpEXTool, we further reduce the data using custom IDL scripts. Groundbased telescopic 
data are effected by background sky emissions from the Earth’s atmosphere emitting in the infrared 
as well as absorptions due to the atmosphere, termed telluric absorptions. To characterize the 
background sky emissions, observations of the sky are taken just off the limb of the Moon which 
captures telescope and sky emission background (Figure 3.11b).  These data are then subtracted 
from the lunar spectra (Figure 3.11a). Correction of telluric absorptions are accomplished by 
normalizing data to observations of stars that have similar spectral properties as the Sun, typically 
called solar analog stars (Figure 3.11c). Stars are selected from solar analog stars used for asteroid 
observations from the IRTF [Takir and Emery, 2012]. The solar analog spectrum is divided out 
Figure 3.11: Processing steps to remove background sky emissions and telluric absorptions. 
 55 
from the sky corrected lunar data to remove atmospheric absorption lines (Figure 3.11d). While 
we chose calibration stars that are close in proximity to the Moon with a similar airmass, some 
telluric absorptions are not fully removed due to differences in atmospheric conditions between 
the lunar observations and star observations.  
 Throughout each night, small shifts in wavelengths occur. This is caused by the weight of the 
instrument causing slight motion of spectrometer internal components. When the telescope is 
pointed to a new location on the sky the wavelength position will shift slightly due to the shift in 
weight. This needs to be corrected for proper telluric and sky emission removal. We corrected this 
using strong atmospheric lines and shift each lunar and sky spectrum to the wavelength calibration 
of the solar analog star. After correcting for wavelength shift, telluric absorption, and sky emission, 
the spectra are ready for further processing to separate reflectance and emission. 
3.6 Removal of Thermal Emission 
 Lunar spectra longward of 2.5 µm are heavily affected by thermally emitted radiance (Figure 
3.2). This thermal radiation is dependent on temperature, albedo, emissivity, surface roughness, 
and thermal inertia. As pointed out above, accurate removal of thermal radiation is vital for 
investigation of the 3 µm feature and its variation. Observations of total water on asteroids has 
been conducted since 1978 (Lebofsky, 1978) and asteroid spectra are also affected by thermal 
emission. For this lunar work, we follow the methodology widely used for asteroid thermal 
radiation removal defined by Rivkin et al., 2005, Reddy et al., 2009, and Takir and Emery, 2012 
in part because they also used SpEX for their asteroid observations and so this method is well 
established for that spectrometer.  
 Planetary astronomers observing in the visible and near IR typically normalize their data to 
solar analog stars that have a spectral shape similar to the sun. This normalization provides 
astronomical spectra that are similar to spectra of samples with the same composition measured in 
the laboratory. However, at longer wavelengths such as used here, the thermal emission is obvious 
as a strong turn-up in the spectrum relative to the star at longer wavelengths. Rivkin et al. (2005) 
called this turn-up the “thermal excess" and developed a method to model this excess and remove 
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where 𝑅𝜆 is the radiance (W/m2/µm) at a wavelength 𝜆 and 𝑇7 is the thermal radiance (W/m2/µm) 
at a given wavelength. To calculate the thermal excess observed, we first normalize the lunar 
spectra (Rn1.7) at 1.7 µm per the method of Rivkin et al. (2005). 
Spectra of the Moon are inherently red, and 
removal of the red continuum is important for 
thermal excess removal. To remove the red 
continuum, we fit a straight line between 1.7 µm 
and 2.5 µm (Figure 3.12) while taking care not to 
include a 2 µm band due to the presence of lunar 
pyroxene, which is often strong in our spectra. 
After fitting the continuum (Rcon), we then 
calculate the measured thermal excess for each 
lunar spectrum by dividing the normalized spectrum 
by Rcon, and subtracting 1 (Eq. 3.1). Rn1.7 contains 
both the reflected and thermal emission terms where 
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In order to model the thermal excess represented by 𝛾𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, we model both the expected 
lunar radiance (which includes solar radiance) and thermal radiance. To model the lunar radiance 
(Rmodel), we multiply solar radiance (Lsolar) by expected reflectance (MI30,0,30) and then by the red 
lunar continuum (Rcon) (Eq. 3.3): 
𝑅"#49? = 𝑀𝐼]0,0,]0 ∗ 𝑅5#$ ∗
C_V`ab
c
	𝑊/𝑚g/𝜇𝑚        (3.3) 
The solar radiance is modeled using the known solar irradiance spectrum [ASTM E490-00a, 2014] 
divided by 𝜋 to convert it to units of radiance. The expected reflectance of the Moon at the location 
observed is extracted from global albedo data collected by the Multiband Imager (MI) on the 
Kaguya spacecraft, corrected to the standard geometry of incidence angle 30°, emergence angle 
0°, and phase angle 30° and at a wavelength of 1.7 µm. The retrieval of the MI reflectance value 
Figure 3.12: Removal of red slope continuum. 
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is based on the latitude and longitude at which each spectrum was acquired. The Telescope Control 
System (TCS), however, reports the right ascension (RA) and declination (DEC) at which the 
telescope was pointed, which needs to be converted to latitude and longitude on the Moon. Because 
the Moon is constantly moving in the night sky, this transformation to latitude and longitude is 
dependent on the night of the observation, but also on the UTC time the data was acquired. To 
convert TCS reported RA and DEC to latitude and longitude, we generated a large look-up table 
of ephemeris using the JPL Horizons system. The JPL Horizons system is capable of taking in a 
latitude and longitude of a Solar System body and outputting the RA and DEC at specified times. 
For each night of observation spanning the UTC time the data was acquired, we ran JPL Horizons 
for a latitude range of 90°S to 90°N and longitudes at which the data was expected to be acquired. 
For pole to pole scans, this was typically 10°W to 10°E, but for the chords, that diagonally 
transected the Moon, we had to generate tables from 90°W to 90°E longitude.  
 In the tables, we then searched for the RA and DEC from the TCS and the UTC time it was 
acquired, providing us with the latitude and longitude of each spectrum. This method works well 
for a majority of the nights. However, on some observing nights, the TCS did not accurately record 
the RA and DEC. In these cases, the guider images from the SpEX guider/slit viewer are used to 
locate prominent features and their latitude and longitude is used to create the RA and DEC of our 
data for that night. This is then run through the same look tables to get the full latitude and 
longitude range of the data. At high latitudes and near the limb of the Moon, the latitude and 
longitudes have more scatter due to the spherical nature of the coordinate system. This, however, 
has no effect on the thermal removal, spectral shape, or abundance calculations.  
 Lastly, to model the thermal radiance (BT), we use a rough surface thermal model similar 
to Bandfield et al. (2011). Because lunar data are affected by thermal radiance at wavelengths 
shorter than 3 µm, the removal of the red continuum above also removes some of the thermal 
component in the measured thermal excess. Due to this, the modeled thermal radiance must also 
have a continuum (C) removed at the same wavelengths as the data before the model can be used 
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Modeled thermal radiance is created using a range of surface roughness and temperatures between 
200 to 400 K. This creates a library of model thermal excess. 
With both the 𝛾𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and the library of 𝛾𝑚𝑜𝑑𝑒𝑙, we then subtract all models from the lunar 
𝛾𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and take the mean of the absolute value of the difference. The model that provides the 
minimum value is taken to be the appropriate 𝛾𝑚𝑜𝑑𝑒𝑙 (Figure 3.13). Selection of a thermal model 
that does not fit at longer wavelengths causes the long wavelengths to be either over or under 
corrected (Figure 3.14b). Figure 3.14b shows the reflectance using different thermal models, with 
the optimum model at 251 K and models that are ± 5 and 10 K. Applying thermal models that are 
a few Kelvin off has noticeably large effects at longer wavelengths, either causing an upturn or 
downturn of wavelengths longer than ~3.5 µm. Below 3.5 µm, however, the shape of the remaining 
spectrum is not greatly affected, including the shape of the 3 µm band.  
Once the appropriate model has been found, we remove the optimum thermal model from our 
normalized continuum removed lunar spectra. We then scale the data to MI reflectance at the local 
lunar viewing geometry and introduce the continuum back into the reflectance spectrum (Eq. 3.5): 
𝑅r##$ = 𝑀𝐼?#53? ∗ s
HQR.T
HUVQ
− 𝛾"#49?t ∗ 𝑅5#$           (3.5) 
Figure 3.13: Longer wavelengths constrain which thermal model is selected. 
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The spectra are now in reflectance (Figure 3.14a) and can be used for estimates of the abundance 
of total water. 
3.7 Estimating the Abundance of Total Water 
 The abundance of H2O has been estimated for decades using band depth in the infrared in 
carefully controlled samples where the thickness of the samples are well known. Milliken and 
Mustard (2005) was the first to develop a relationship for estimating the abundance of H2O in 
remote sensing data. Later, Li and Milliken (2017) would go on to apply this to the Moon using 
empirical measurements of water bearing glasses to calibrate data to water concentration. We use 
two methods to estimate the abundance of H2O: the Effective Single Particle Absorption Thickness 
(ESPAT) [Li, 2016; Milliken and Li, 2017] and band depth. ESPAT reduces the dependence on 
composition while band depth is more analogous to FTIR measurements. Unlike band depth, 
ESPAT improves the correction to abundance when strong albedo contrasts are present [Milliken 
and Mustard, 2005]. 
ESPAT is a function of the single scattering albedo (w, SSA, Figure 3.15), which is the 
probability that a photon will survive an encounter with a grain. This is calculated using work by 
Hapke (1981; 1993) [Li, 2016]. To calculate ESPAT from our reflectance data, we convert the 
reflectance spectra to SSA. In contrast with reflectance spectra, SSA spectra have many 
Figure 3.14: On left is the result of thermal removal with a continuum removed and normalized. On right is multiple 
thermal models removed that are ± 5 and 10 K from the optimum thermal model. 
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advantages; it accounts for variations in viewing geometry and it reduces the effects of multiple 
scattering and albedo and absorption strength correlations that are not related to the abundance [Li 
and Milliken, 2017]. Once the reflectance spectra have been converted to SSA spectra, we remove 
a continuum spectrum by fitting a straight line similar to the thermal excess removal, but in SSA 
units. This differs from Li (2017) who uses a single wavelength to define the point of the 
continuum and create a straight line continuum consisting on a single SSA value. With this method, 
it is possible to under estimate the continuum on the long wavelength shoulder of the 3 µm band 
causing negative abundances when there is little to no total water present. Fitting the SpEX data 
between 1.5 and 2.5 µm with care to avoid fitting any pyroxene band provides a red continuum 
more appropriate for the Moon. This method reduces the negative values when low abundances of 
total water are present providing a mean of zero. The continuum removed SSA is then used to 
calculate ESPAT (Figure 3.16): 
𝐸𝑆𝑃𝐴𝑇 = vwx
x
      (3.6) 
After the calculation of ESPAT, we convert to abundance in ppm H2O via: 
Figure 3.15: Conversion of reflectance spectra to single scattering albedo Also shown are the different thermal models 
(red and blue). The effect of incorrect thermal model selection does not greatly affect the shape or strength of the 3 
µm band. The small effect incorrect models have is added uncertainty in the point to point scatter. 
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𝐻g𝑂𝑝𝑝𝑚 = 0.8 ∙ 𝐸𝑆𝑃𝐴𝑇 ∙ 10000           (3.7) 
Li and Milliken (2017) derived the empirical relationship to convert ESPAT to absolute total water 
content using a particle size of 60 to 80 µm. This particle range gives a conversion factor from 
ESPAT to wt.% of 0.5 (Figure 3.17a). From wt.% to ppm H2O is another factor of 10000. However, 
Li and Milliken (2017) calculated this relationship at the band center of the 3 µm band which is at 
2.86 µm (Figure 3.17a). From the IRTF, this wavelength is within the opaque region and therefore 
we use the average between 2.9 µm and 3 µm for the total water abundance of the 3 µm region. 
Instead of using 2.86 µm for the conversion of ESPAT to wt.%, we derive the empirical 
relationship at 2.95 µm providing a conversion factor of 0.8 (Figure 3.17b). When the abundance 
of total water is low or zero, the ESPAT calculation sometimes results in negative numbers. 
Negative numbers are interpreted to mean zero absorption.  
 The second method to derive total water abundances from the 3 µm band is by using the 
actual band depth with the band depth taken as the mean of the continuum removed data between 
2.9 and 3 µm. Using the same lab experiments to derive ESPAT, we also derived a relationship 
for band depth to H2O ppm (Fig 3.18) Eq. 3.8: 
Figure 3.16: Conversion of single scattering albedo to ESPAT with the different thermal models (red and blue). 
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𝐻g𝑂𝑝𝑝𝑚 = 2.534𝑒4𝑥g + 606.6𝑥                  (3.8) 
where x is the band depth. The two methods will be compared to help inform us about the effect 
of composition on the strength of the 3 µm band and its variation.  
Figure 3.18: Empirical relationship between band depth and absolute content H2O in water-bearing terrestrial 
glasses (Li, 2017). 
Figure 3.17: a) Empirical relationship between ESPAT and absolute content H2O in water-bearing terrestrial 
glasses (Li, 2017) at wavelengths 2.86 µm. b) The same relationship except at 2.95 µm. We use the relationship for 
2.95 µm because from the ground the 2.86 µm region is opaque. 
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3.8 Results 
Figure 3.19 shows two examples of thermally corrected lunar IRTF SpEX data that have been 
continuum removed and normalized. The presence of total water in our spectra is indicated by a 
clear discontinuity between 2.5 and 2.9 µm (Figure 3.19 bottom). A pyroxene band is also observed 
at 2  µm and varies from a weak absorption (Figure 3.19 bottom) to a strong absorption (Figure 
3.19 top). The data exhibit strong variations in depth of the 3 µm absorption. The depth of the band 
ranges from no absorption (Figure 3.19 top) to a strong 3 µm absorption (Figure 3.19 bottom). 
Many spectra show no total water absorption, like the top spectrum in Figure 3.19 indicating no 
detectable total water is present at the location where the spectrum was acquired. Due to the Earth’s 
atmosphere, some regions of our spectra are low signal and are therefore, blocked out in this 
example. The region from 3.7 to 4.05 µm is due to N2O in the atmosphere. In some spectra, like 
the one with a 3 µm absorption (bottom), the N2O is corrected well while in others, like the top 
spectrum, N2O is not correct well and causes scatter at the long wavelengths. The N2O is typically 
not corrected well in spectra taken at warmer lunar temperatures, although the N2O does not affect 
thermal modeling. 
Figure 3.19: Normalized reflectance spectra after thermal radiation removal. The bottom spectrum shows a step 
down from 2.5 to 2.9 µm indicating the presence of total water. The top is an example of a flat spectrum with no 
total water. The gray bands are regions where atmospheric species absorb and cause low signal regions. A pyroxene 
band can also be seen at 2 µm in the top spectrum. 
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Figure 3.20: “Wet” and “dry” spectra from January 18th, 2019 observing run. The spectra show variations in the 2 
µm pyroxene band along with variations in strength and shape of the 3 µm band.  
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Figure 3.20 shows more spectra demonstrating the absorption versus no absorption. In these 
spectra the pyroxene band at 2 µm can also be seen to vary. Closer investigation of the “wet” 
spectra in Figure 3.20 shows two different band shapes. The northern bands have a band minimum 
somewhere in the opaque region of the 3 µm band. However, the two most southerly bands appear 
to have a band minimum at 3 µm. The shape of 3 µm bands in asteroids was studied by Takir and 
Emery (2012) using SpEX. In their work they developed four 3 µm spectral groups based on the 
shape of the band; sharp, Ceres-like, Europa-like, and rounded. The spectral shapes of the 3 µm 
bands shown in Figure 3.20 can be classified into these groups. The northern spectra can be 
classified as having a sharp 3 µm band while the southern ones are rounded. The sharp versus 
rounded spectral shapes may provide information regarding which species, OH or H2O, is 
responsible for the 3 µm absorption. 
 The abundance of total water as a function of lunar latitude and lunar time of day is shown in 
Figure 3.21 for both the ESPAT and band depth methods. The size of the points represents the 
abundance of total water, larger points indicate more total water while the smallest points have 
approximately zero ppm H2O. Black indicates pole to pole scans and grey indicated chord scans 
that transected the Moon on a diagonal (Figure 3.6). When two chords intersect, it does not indicate 
Figure 3.21: Chords plotted as lunar time of day vs. Latitude for both ESPAT and band depth methods. Symbol 
size is proportional to the abundance of total water. The anomalous high abundance at ~0° latitude and ~0830 lunar 
time of day is believed to be high total water abundances at and around Copernicus crater.  
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they are at the same location, just that they have the same local time of day. For the sake of viewing 
diurnal effects, the abundances are limited to a maximum of 500 ppm. Minimum abundances are 
approximately zero. Along each observed chord, as a function of latitude, there are strong 
variations in total water concentrations. The minimum water observed occurs at low-northern 
latitudes at mid-morning to noon hours. Maxima for each chord occurs at high latitudes with 
increased abundances in the south compared to the north. Diurnal variations are seen across 
constant latitude in Figure 3.21. With increasing time of day, there is a decrease in abundance 
towards local noon. There is an asymmetric trend about the equator that favors the southern 
latitudes with higher total water abundances.  
 Figure 3.22a plots the abundance versus latitude where each color represents a pole to pole 
observation and its time from local noon. The two pole to pole observations, in blue and purple, 
were acquired at the furthest time from local noon and show the highest abundances across all 
latitudes with a weak latitude dependence. The four other pole to pole observations show a strong 
latitude dependence. The sharp drop from morning, 4.8 hours before local noon (blue) to 3.1 hours 
before local noon (yellow), is also seen in this plot. In Figure 3.22b, we plot the abundance of total 
water from ESPAT versus time of day. The latitudes were binned into 10° increments from 90°S 
to 90 °N and the abundance within each 10° wide bin was averaged and plotted at the average time 
Figure 3.22: Total water abundance in ppm H2O plotted against latitude (a) and time of day (b) for the pole to pole 
observations. 
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of day for each pole to pole observation. A sharp drop is observed at all latitudes from 07:00 to 
08:00. After that, the abundance stays relatively constant at each latitude, except for an anomalous 
point for 80° – 90° N at ~09:00. The evening shows an increase in abundance again.  
 On the Copernicus chords (Figure 3.23a) there is an anomaly in abundance around ~0 
degrees latitude and local time ~08:30 am; this is due to the chord passing through Copernicus 
Figure 3.23: Chords plotted as lunar time of day vs. latitude using the ESPAT values. Point size represents 
abundance with larger points being more abundant.  
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crater. Copernicus has shown an enhanced 3 µm absorption in M3 data [Li and Milliken, 2017]. 
The same location viewed at different lunar times of day show lower abundances, indicating a 
diurnal variation occurring at Copernicus crater. On the Hansteen chords (Figure 3.23c) we 
observe another anomaly at  ~07:00 and latitudes 20° to 30°S. This is due to the pyroclastic deposit 
just west of the Humorum pyroclastic deposit which was shown by Li and Milliken (2017) to have 
higher abundance of total water in M3 data. 
 These plots show a strong diurnal variation at mid-southern latitudes, and a weaker but still 
present diurnal variation at low latitudes and mid-northern latitudes. The high latitudes also show 
a weak diurnal variation, but at later local times than at low- and mid-latitudes. Comparisons 
between ESPAT and band-depth derived total water abundance reveals that the diurnal variation 
appear roughly the same for both methods. Water abundances derived from band depth show 
higher abundances in general compared to the ESPAT method. The ESPAT method, however, 
displays more variation in abundance along the chords, especially those that were taken during 
early morning or late evening hours. 
3.9 Discussion 
 Using thermally corrected (based on long wavelengths) SpEX data, we observe variations 
with latitude, time of day, and composition. The variations in the 3 µm band after strongly 
constraining thermal models indicate that they are due to changes in total water abundance and not 
to thermal infill of the band. This result is in agreement with a number of studies [Sunshine et al., 
2006; Li and Milliken, 2017; Wolher et al., 2017; Grumpe et al., 2019], which also observe 
variations in the 3 µm band in spacecraft data. The variation indicates that the species responsible 
for the 3 µm band are undergoing temperature driven processes, such as migration and diffusion, 
depending on the species.  
 One implication of the variation being due to changes in total water abundance is the 
activation energy of OH and H2O. Activation energy is the energy needed for a chemical reaction. 
In the context of total water, it is the amount energy required for H2O to break its bonds from 
surface material and be released from the lunar surface. If no variation was observed in our data 
set, it would imply the activation energies are high and require high temperatures for H2O to be 
released. However, variations were observed, and this implies that the activation energies are 
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actually low enough such that lunar temperatures can generate enough energy to reach the 
activation energy allowing for migration of H2O. 
 The observed diurnal variations are mostly in agreement with Li and Milliken (2017), but 
with some differences. First, the abundances we measure using ESPAT and band depth are lower 
than those of Li and Milliken (2017) by a factor of about 1.5. This difference could be due to the 
uncertainty in thermal modeling M3 data. The higher abundances could indicate that the model 
used by Li and Milliken (2017) selects temperatures slightly higher than the actual temperature of 
the surface and therefore artificially creates a stronger 3 µm band. We showed that even ± 10 K 
can make the difference between no absorption to a large absorption in M3 data and, without the 
long wavelengths, there is no certainty in the thermal removal.  
 The second difference is the asymmetry between the northern and southern hemispheres. 
Li and Milliken (2017) observe higher abundances in the northern hemisphere while we observe 
higher abundances in the southern hemisphere. A possible explanation for this is the lunar time of 
day at which the M3 observations were acquired. The southern observations were taken slightly 
closer to lunar noon than the northern observations, possibly creating the asymmetry seen in M3 
data. The asymmetry in our data cannot be explained by different acquisition times, especially for 
the pole to pole observations. Another possible explanation is composition. Across our pole to pole 
scan we traverse through mare and highland regions with most of our northern observations in 
mare regions and our southern observation in highland regions. Our results, therefore, agree that 
highland material retains more total water than mare material [Wohler et al., 2017; McCord et al., 
2011]. 
 Due to a majority of the data being collected before lunar noon, we cannot comment on the 
symmetry of abundance between dawn and dusk terminators, but we observe abundances between 
07:00 and 17:00 are similar. This is in contrast to Li and Milliken (2017) who see more total water 
in the morning than in the afternoon. Again, this could be due to the time of day the data was 
acquired with M3, with the afternoon observations begin closer to noon than the morning 
observations. We are, however, in agreement with Wohler et al., (2017) and Grumpe et al., (2019) 
who see similar abundances between morning and afternoon using their version of thermally 
corrected M3 data. Unfortunately, Wohler et al., (2017) and Grumpe et al., (2019) did not provide 
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estimates of total water in absolute concentrations and therefore, we cannot compare our 
abundances to their data. 
 The variations in total water abundance with latitude is due to changes in average local 
temperature. Our observations agree with Li and Milliken (2017) that most of the diurnal variations 
occur in the mid-latitude ranges and that there is weak, to no, variation at high latitudes. The 
increased abundance at high latitudes may indicate the surfaces ability to retain and accumulate 
more total water due to the lower temperatures. Latitudinal variations also provide information 
regarding the migration of total water from low latitudes to higher latitudes, which could also be 
supplying the polar cold traps [Arnold, 1979; Watson et al., 1961].  
 Our observations also show some anomalous total water abundances at Copernicus crater 
similar to Li and Milliken (2017). However, they did not observe the diurnal variation in 
Copernicus. Li and Milliken (2017) suggests the anomalous abundance is due to endogenic water 
within the lunar grains. However, the diurnal signal we observe cannot be due entirely to internal 
water. Another possibility is that the chord observations did not alway pass directly through the 
enriched areas of Copernicus. Humorum pyroclastic deposit also shows anomalous total water 
abundances in both our observations and those of M3. However, unlike Copernicus, no diurnal 
signals are observed at Humorum. Therefore, we attribute the higher abundances to endogenic 
water contained in the glass beads of the pyroclastic deposit that is trapped and thus unable to vary 
with lunar time of day and temperature. 
 Observations conducted by the Deep Impact spacecraft, presumably using thermally 
corrected data constrained by their long wavelengths (though the correction is not provided), 
revealed a temperature dependence [Sunshine et al., 2009]. However, they only acquired data of a 
quarter of the Moon at two different lunar days and, therefore, cannot demonstrate a true diurnal 
variation, additionally they did not provide estimates of total water abundance based on their 
spectra.  They do, however, suggest that the observed variation is due to migration of H2O on the 
lunar surface. If H2O is the migrating species, it will hop along temperature gradients to cooler 
locations. Eventually the H2O will reach a cold trap and remain stuck over a lunation and require 
outside forces to continue migrating. This could be a possible source of H2O to permanently 
shadowed regions and supply the polar ice deposits [Arnold, 1979]. H2O, however, is unstable on 
the surface at lunar temperatures [Hibbitts et al., 2011]. If H2O is formed on the surface via 
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recombinative desorption, then it is not expected to survive a lunar day at low- and mid-latitudes. 
If however, the migrating species is metastable OH [Tucker et al., 2019, Farrell et al., 2017, 
Starukhina, 2006], then the variations seen in the 3 µm band are due to H diffusing through the 
lunar surface and temporarily forming OH bonds and degassing as H2 through recombinative 
desorption. This process is highly dependent on temperature; thus with increasing latitude and 
decreasing temperature, there is an accumulation of H towards the poles as the temperatures are 
not high enough for recombinative desorption [Starukhina, 2006; Tucker et al., 2019]. 
 Hendrix et al., (2019) also observed a diurnal variation in the far ultra-violet (FUV) water 
ice band ratio using Lyman Alpha Mapping Project (LAMP) data. They attribute the diurnal 
variation to the migration of H2O (Figure 3.24). If their signal is due to H2O, then the activation 
energies are high. However, their diurnal effect occurs right before and after local noon. Our results 
show a sharp drop in total water abundances at early morning hours and weak to no variation just 
before noon. We are unable to separate OH from H2O at 3 µm; however, it is possible we are 
observing H2O migrating [Sunshine et al., 2009] in the early morning hours, and Hendrix et al., 
2019 is instead seeing the destruction of metastable OH via diffusion of H [Tucker et al., 2019; 
Farrell et al., 2017]. This would indicate that the activation energy is low for H2O, but relatively 
high for metastable OH. 
Figure 3.24: Diurnal signature in FUV LAMP data for mare and highland regions. The diurnal signal is attributed 
to H2O if it behaves like water ice in the FUV. The diurnal signal is seen near local noon. Hendrix et al., 2019. 
 72 
 Currently it is not known if H2O is migrating on the lunar surface or if the variations are 
caused by the diffusion of H. However, the spectral shapes observed in our data may provide 
information of the species present. The two shapes observed are sharp and rounded 3 µm bands as 
defined by Takir and Emery (2012). The rounded bands have band minima at 3 µm, which could 
be an indication of H2O. Unfortunately, OH attached to metal cations can also produce band 
minimums near 3 µm, so the 3 µm band is ambiguous when trying to detect H2O. The detection of 
H2O will be investigated further in the next chapter. 
3.10 Conclusions 
 We used a new data set from the groundbased IRTF to determine the variability of the 3 
µm total water band using wavelengths beyond 3 µm to strongly constrain thermal models. We 
demonstrated that data limited to less than 3 µm can show apparent variations in the total water 
band with small errors in thermal model temperatures, especially at higher surface temperatures. 
We showed that thermal emission removal does not remove or enhance the observed 3 µm band 
when using the longer wavelength to constrain the thermal models. We showed that the 3 µm band 
does vary with time of day, temperature, latitude, and composition. Our results show that total 
water is dynamic on the lunar surface which has large implications for ongoing surface processes.  
 The variations and abundances we observe are similar to those reported by Li and Milliken 
(2017) except that we derive slightly lower abundances and observe higher abundances in the 
southern hemisphere than the north. The higher abundances in the south could be due to observing 
more highland regions than mare, which is in agreement with observations of Wohler et al., (2017) 
and Grumpe et al., (2019). However, we cannot compare our abundances to Wohler et al., (2017) 
and Grumpe et al., (2019) as they did not provide absolute abundances of total water. Observations 
of diurnal variability by Hendrix et al., (2019) show the variability occurring near local noon while 
our diurnal signal occurs in the early morning hours. We interpret this as H2O leaving the surface 
in the morning hours while LAMP observed OH. 
 Our results indicate that there is a migrating species on the surface of the Moon. The species 
could be H2O or H diffusing and forming metastable OH. Which species is responsible for the 
variability of the 3 µm band, however, cannot be distinguished using 3 µm observations. Instead 
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new observations at longer wavelengths are needed to separate OH and H2O and is the subject of 
the following chapter. 
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CHAPTER 4: DETECTION OF MOLECULAR WATER ON THE ILLUMINATED 




 For a decade the lunar surface has been known to host hydroxyl (OH) and possibly 
molecular water (H2O) [Pieters et al., 2009; Sunshine et al., 2009; Clark, 2009]. Distinction 
between OH and H2O from spacecraft measurements at 3 µm, however, is difficult due to their 
similar spectral properties. Currently, the only direct measurement of H2O on the lunar surface is 
of ice deposits within permanently shadowed regions [Li et al., 2018]. On the illuminated Moon, 
Hendrix et al., (2019) suggests the detection of molecular water using far ultra-violet observations 
of the Moon, however, they could not rule out the possibility of their observed diurnal signal being 
due to OH. 
 We have developed a new approach for unambiguous detection of the water molecule on 
the illuminated lunar surface. At 6.07 µm the fundamental H-O-H bend of H2O is exhibited and is 
strictly due to H2O without any contribution by OH. However, there are currently no spacecraft 
capable of observing this feature on the Moon and it cannot be conducted from groundbased 
telescopes because Earth’s atmosphere is opaque at 6 µm. The only observatory currently capable 
of 6 µm observations of the Moon is the Stratospheric Observatory For Infrared Astronomy 
(SOFIA). SOFIA flies at 13.7 km, above a majority of the Earth’s atmosphere allowing for 6 µm 
observations.  
 Using SOFIA, we conducted the first observations of the Moon at 6 µm on August 30th, 
2018. Observations at high southern latitudes reveal the presence of a strong 6 µm emission feature 
due to H2O. The abundance of H2O present on the surface ranges from 243 to 725 ppm H2O, which 
is calibrated to 6 µm laboratory measurements of water-bearing glasses with known H2O 
concentrations. Comparison of the lunar 6 µm feature to 6 µm features seen on asteroids and in 
meteorites show similar spectral shapes. An estimated temperature of 310 K is used to determine 
that 10% of a monolayer could cover the lunar surface. At high southern latitudes, we estimate that 
~96% of the detected H2O is trapped within the lunar grains and unable to migrate. These 
observations with SOFIA are the first direct detection of H2O on the lunar surface.   
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4.1 Introduction 
 The chemical state of hydrogen on the Moon and how it interacts with the lunar surface is 
at the forefront of lunar science and understanding ongoing surface processes, the lunar interior, 
and future resources. Part of the hydrogen story is determining the degree to which H is bound in 
molecular water (H2O), if at all. Several studies have been dedicated to characterizing H [Wohler 
et al., 2017; Milliken and Li, 2017; Li and Milliken, 2017; Li et al., 2018; Daly and Schultz, 2018; 
Bandfield et al., 2018; Benna et al., 2019; Zhu et al., 2019] and are a testimony to the importance 
of understanding water on the Moon. The discovery of the 3 µm hydration band on the lunar 
surface [Pieters et al., 2009; Sunshine et al., 2009; Clark, 2009], left unanswered questions 
regarding which species is present and their relative abundances. The 3 µm band indicates the 
presence of OH, H2O, or OH + H2O (termed “total water” in the FTIR community that studies 
hydration in geologic materials using infrared spectroscopy [Stolper, 1982; McIntosh et al., 2017]), 
but cannot be used to decipher which is present and their relative abundance. Speciation of the H 
compound present is important for studying the supply of H to polar regions, in-situ resource 
utilization, and surface chemistry processes, such as production, retention, and storage of H2O on 
the surface of the Moon and other airless bodies.  
 To date, the presence of H2O on the lunar surface is uncertain as all assertions that H2O has 
been detected have valid alternative explanations, such as the presence of hydroxyl (OH) 
mimicking the spectral shape of H2O. No unambiguous observations of H2O on the sunlit portion 
of the lunar surface has been reported. In order to confirm or refute the presence of H2O, new 
techniques are needed. Starukhina (2001) pointed out that H2O possesses a third fundamental 
vibration at ~6 µm and suggests observations at 6 µm will provide a definitive detection of the 
water molecule if it is present on the lunar surface. In this chapter we report observations of the 
Moon in the 6 µm region using the airborne NASA/DLR Stratospheric Observatory For Infrared 
Astronomy (SOFIA). Analysis of the data reveal the presence of a strong emission feature near 6 
µm that we attribute to the presence of H2O on the lunar surface. Next we derive H2O abundances 
from our emission spectra and discuss the possible migration and storage of water on the Moon. 
This remote observation is the first direct and unambiguous detection of the water molecule on the 
lunar surface.  
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4.2 Background 
 There are two main sources of hydration on the Moon, the solar wind [Hapke, 1965; Zeller 
et al., 1966; Starukhina, 2001; Dyar et al., 2010; Ichimura et al., 2012] and micrometeoroid impacts 
[Liu et al., 2012; Daly and Shultz, 2018]. The solar wind consists of protons that are constantly 
bombarding the illuminated lunar surface. Solar wind protons upon interacting with the lunar 
surface can either be reflected or implanted into the lunar soil. During implantation, a proton can 
penetrate 5 to 10 nm into lunar grains [McCord et al., 2011] while destroying the crystal structure 
and leaving crystallographic defects in the grains. Once slowed or neutralized, protons may diffuse 
out of the grain as H or H2 [Farrell et al., 2015], react with the abundant oxygen in lunar minerals 
to form OH [McCord et al., 2011; Farrell et al., 2015; Ichimura et al., 2012; Mattern et al., 1976; 
Siskind et al., 1977; Guermazi et al., 1987; Gruen et al., 1975; Bradley et al., 2014], diffuse out 
forming metastable OH at available O bonds along its diffusion path [Tucker et al., 2019], or form 
H2O at local noon temperatures via recombination desorption (OH + OH ® O + H2O) of native 
OH [Poston et al., 2013]. However, even at the maximum lunar temperatures recombination 
desorption is relatively ineffective in producing water [Hibbitts et al., 2011; Poston et al., 2015; 
Jones et al., 2018] 
 The other source of lunar hydration is micrometeoroid impacts. It was proposed that 
surfaces rich in hydroxyl from prior solar wind irradiation, such as the lunar surface, could produce 
water during micrometeoroid impacts due to the high temperatures produced during the impact 
[Bennett et al., 2013]. Zhu et al., (2019) simulated meteoroid impacts and verified that a surface 
irradiated with hydrogen (in their case deuterium), which is then exposed to laser irradiation, 
simulating the high temperatures of micrometeoroid impacts, does produce H2O, as anticipated by 
the temperature programmed desorption experiments [Poston et al., 2015]. Some of this water may 
be captured into a product formed from micrometeoroid impacts which is agglutinate glass. It has 
been shown that agglutinate glasses are host to large amounts of H, equivalent to 27 – 470 ppm 
H2O [Liu et al., 2012]. As agglutinate glasses make up a large fraction of lunar soil (about 30 wt. 
% [McKay et al., 1991]), these impact glasses are potentially an abundant reservoir of OH and 
H2O [Liu et al., 2012]. Further, a wet impactor could deliver 30% of its indigenous water to the 
Moon that could be captured in the resulting impact generated glasses [Daly and Schultz, 2018]. 
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So there are two ways for meteorites to introduce OH or H2O to the Moon, production resulting 
from the high temperatures of the impact or by delivering the impactor water to the resulting impact 
glasses. Supporting micrometeoroid production or delivery  is the detection of spikes of OH and/or 
H2O in the lunar exosphere during periods of annual meteoroid streams by the Neutral Mass 
Spectrometer (NMS) onboard the Lunar Atmosphere and Dust Environment Explorer (LADEE) 
spacecraft [Benna et al., 2019]. 
 Although it has been shown that H2O could be produced on the lunar surface by these high 
temperature impact events, there remains a lack of direct observational evidence. Two recent 
studies interpret their data in such a way to suggest the presence of H2O on the lunar surface. 
Hendrix et al. 2019 suggest detection of H2O using far ultra-violet (FUV) measurements with the 
Lyman Alpha Mapping Project (LAMP) on the Lunar Reconnaissance Orbiter (LRO) assuming 
adsorbed H2O behaves like water ice in the FUV. LAMP is a FUV spectrometer operating in the 
57.5 – 196.5 nm wavelength range aimed at studying the lunar atmosphere and looking for polar 
ice in permanently shadowed regions (PSRs) [Gladstone et al., 2010]. LAMP detects water ice 
based on a ratio of reflectance measured between 155.57 – 189.57 nm and 129.57 – 155.57 nm, 
which samples a FUV water ice band [Hayne et al., 2015]. When water ice is present, the ratio is 
expected to be high [Gladstone et al., 2012]. Using this method, water ice has been detected in 
PSRs at both lunar poles [Gladstone et al., 2012]. Dayside surface observations with LAMP reveal 
FUV spectral variations with latitude, local time, composition, and soil maturity [Hendrix et al., 
2012 & 2019]. A diurnal signal was observed in both highland and mare regions at mid-latitudes 
with a sharp drop in the ratio of off-band/on-band near local noon [Hendrix et al., 2019]. They 
suggest the diurnal signal is consistent with <1% monolayer of H2O, if absorbed H2O behaves like 
water ice in the FUV. However, the variation could be due to OH as there is no data on the behavior 
of adsorbed H2O in the FUV.  
 Using data from the Chandryaan-1 Moon Minerology Mapper (M3), an infrared 
spectrometer that provided global coverage of the Moon, Li et al., (2019) detected hematite on 
illuminated surfaces near the lunar poles. Hematite is commonly found on Earth, Mars, and 
asteroids as a result of aqueous alteration and is readily formed if H2O is present [Li et al., 2019]. 
The maps of hematite also spatially match maps of total water using the M3 3 µm total water band 
from Li and Milliken (2017). Because of the nature of hematite and its correlation to the total water 
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maps, Li et al., (2019) infer that for hematite to be present on the lunar surface, H2O must also be 
present to oxidize surface iron. However, detection of  this is not a detection of hematite implies 
the presence of H2O but is not a direct detection of H2O on the lunar surface.  
 Lastly, in the previous chapter we investigated the underlying cause of the variation in the 
3 µm band as observed by M3 using groundbased IRTF data and concluded the variations are due 
to changing total water abundance. There are two hypotheses to explain variation in total water: 
migration of molecular water along temperature gradients on the lunar surface [Watson et al., 1961; 
Sunshine et al., 2009] and diffusion of H through grains temporarily forming metastable OH 
[Tucker et al., 2019; Farrell et al., 2017]. Molecular water is less thermally stable than OH on the 
surface [Hibbitts et al., 2011], which allows it to migrate and potentially supply the known water 
ice deposits at the lunar poles [Watson et al., 1961; Li et al., 2018] or participate in chemical 
reactions, such as the formation of hematite [Li et al., 2019]. OH, however, is not mobile [Hibbitts 
et al., 2011] and may provide a long term sink for hydrogen in the lunar regolith. 
 However, as pointed out in Chapter 3, water and hydroxyl cannot be unambiguously 
distinguished by the hydration band at 3 µm. The 3 µm band is characteristic of the symmetric and 
asymmetric stretching vibration of the O-H bond, which can be produced by OH attached to any 
metal cation (X), or to H [Stolper, 1982]. With OH attached to a variety of metal cations, such Si, 
Al, Mg, Ti, and Fe [Heiken et al., 1991], the 3 µm band minimum caused by X-OH may shift to 
Figure 4.1: Comparison of various physical states of water at 3 µm. Major spectral differences between the states are 
observed beyond 3 µm. From Hibbitts et al., 2011. 
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longer wavelengths and the band width may broaden based on different bond strengths [King et 
al., 2004; McIntosh et al., 2017; Starukhina, 2001]. The shifting band minimum and band 
broadening of X-OH can mimic the spectral shape of H2O at 3 µm. Figure 4.1 demonstrates the 
shape of the 3 µm band of various physical states of H2O and OH. Currently, the shape of the 3 
µm band due to OH attached to metal cations cannot be predicted and the use of a 3 µm band 
minimum, depth, shape, or width is therefore not useful for determining the speciation of water 
[Stolper, 1982; Starukhina, 2001]. For this reason, unambiguous detection of H2O on the lunar 
surface has remained elusive. 
 Detection and quantification of molecular water, however, has been carried out for decades 
using Fourier Transform InfraRed (FTIR) spectroscopy in thin section [Bartholomew et al., 1980; 
Glew, and Rath, 1971; Newman, et al., 1986; McIntosh et al., 2017]. The FTIR community does 
not use absorption at 3 µm for detection of molecular water but instead uses 6.07 µm, which is the 
fundamental H-O-H bending vibration of H2O (Figure 4.2) [Bartholomew et al., 1980; Glew and 
Rath, 1971; Newman, et al., 1986; Thompson, 1965; Stolper, 1982; King et al. 2004, McIntosh et 
al., 2017; Starukhina, 2001; Daly and Schultz, 2018]. This feature can only be created by H2O, as 
no other common lunar materials exhibit a 6 µm feature. Starukhina (2001) pointed out that the 3 
µm band is ambiguous, and suggest remote measurements at 6 µm would “prove” the presence of 
H2O by optical spectroscopy in reflectance or emission spectra. 
Figure 4.2: FTIR spectra of hydrous rhyolite glasses showing the multiple OH and H2O spectral bands. The 6 µm 
band of interest for this study is at 1630 cm-1 and is shown in the inset. [McIntosh et al., 2017] 
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4.3 6 µm Observations in Samples and on Planetary Bodies 
 The 6 µm emission and absorption band has been detected in both lunar and meteorite 
samples. Apollo samples, as measured by the NASA Reflectance Experiment LABoratory 
(RELAB) at Brown University using FTIR spectroscopy, exhibit a 6 µm band in conjunction with 
the 3 µm total water band (Figure 4.3a). Although the detected water is due to terrestrial water 
contaminating the sample, the presence of the 6 µm band in Apollo samples demonstrates the 
ability of lunar soils to exhibit this spectral feature if H2O is present. At the Laboratory for 
Spectroscopy under Planetary Environmental Conditions (LabSPEC) at the Johns Hopkins 
University Applied Physics Laboratory (JHU APL), Takir et al., (2019) measured carbonaceous 
chondrites under asteroid-like conditions to study the 3 µm total water band (Figure 4.3b). In their 
experiments they heat the sample to remove adsorbed H2O and verify it has been removed by 
observations of the 6 µm band (Figure 4.3b). Their study illustrates the use of reflectance 
spectroscopy and the 6 µm band as a monitor to determine the presence or absence of water. 
 In remote sensing data, a 6 µm emission feature is observed on Mars [Bandfield et al., 
2003; Ruff, 2004] and asteroids [Marchis et al., 2012]. Using the Thermal Emission Spectrometer 
(TES) instrument on the Mars Global Surveyor, a 6 µm emission feature was observed in dust-
covered regions indicating the presence of bound or adsorbed water (Figure 4.3c) [Bandfield et al., 
2003, Ruff ,2004]. On some asteroids, a 6 µm band is present in Spitzer Space Telescope Infrared 
Spectrograph data (Figure 4.3d) [Marchis et al., 2012]. The observations of a 6 µm band on Mars 
and asteroids demonstrates that if the lunar surface is host to H2O, it should also exhibit a 6 µm 
feature in emission. While the 6 µm feature has been observed on planetary bodies, it has not 
previously been used to estimate the abundance of H2O. 
 Currently, there are no operating or planned spacecraft capable of making 6 µm 
observations of the Moon. And, from groundbased telescopes, the 6 µm region is opaque to (Figure 
4.4) making it impossible to obtain data of the lunar surface in this spectral region. Fortunately, 
there is one observatory capable of making these observations of the Moon; the airborne 
NASA/DLR Stratospheric Observatory For Infrared Astronomy (SOFIA). SOFIA operates at an 
altitude of 13.7 km, above a majority of the Earth’s atmosphere. At this altitude, the 6 µm region  
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Figure 4.3: Reflectance spectra measured in the lab of (a) Apollo samples (b) meteorites [Takir et al., 2019] and 
emission spectra of (c) Mars [Bandfield et al., 2003] and (d) asteroids observed by SPITZER where red spectra 
show no 6 µm band and blue spectra show a 6 µm band  [Marchis et al., 2012]. All plots exhibit a 6 µm absorption 
or emission band with varying shape and strength. The presence of the band indicates adsorbed or bound H2O.  
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has high atmospheric transmission allowing for observations of a 6 µm feature on the lunar surface 
(Figure 4.4). The Faint Object infraRed CAmera for the SOFIA Telescope (FORCAST) instrument 
provides the required spectral range, spatial and spectral resolution, and sensitivity needed to 
observe the Moon at 6 µm. In the following sections, we report data from SOFIA FORCAST that 
show the presence of H2O on the illuminated lunar surface. 
4.4 Lunar Observations with SOFIA FORCAST 
 SOFIA is a 2.5 m telescope flown on a Boeing 747-SP aircraft and is used for infrared and 
submillimeter astronomy [Becklin and Moon, 2001]. The FORCAST detector combines a mid-
infrared camera and spectrograph using 256 x 256 Si Blocked-Impurity-Band infrared focal plane 
arrays [Herter et al., 2018]. FORCAST is capable of both spectral imaging and slit spectroscopy. 
The instrument has multiple band filters and spectroscopic modes: long-slit low-resolution (R = 
100 – 300) and short-slit, cross-dispersed high-resolution (R = 800 – 1200) mode [Herter et al., 
2018]. For lunar observations, we used the G063 filter mode with the long-slit (2.4 x 191”) low 
resolution mode to provide a spectral coverage of 4.9 to 8 µm. With a slit width of 2.4” and 0.768” 
pixel height, the spatial resolution on the center of disk of the Moon is 4.8 x 1.5 km. 
 Using FORCAST on SOFIA, we conducted the first observations of the lunar surface at 6 
µm on August 30th, 2018 under a Director’s Discretionary Time (DDT) proposal. During the DDT 
we were granted 30 minutes of observing time to demonstrate the feasibility of lunar observations 
using SOFIA as it had not been done since early operations. Our goal for this observing run was 
Figure 4.4: Atmospheric transmission at Maunakea observatory (blue), SOFIA (green), and from a stratospheric 
balloon (red). 
 83 
to demonstrate lunar observations with SOFIA, but to also maximize the science return. During 
our run, the Moon was at a phase angle of 57.5°. To avoid saturating the detector, we chose 
locations near the dusk terminator that would be at temperatures ranging from 150 to 350 K with 
flux values between 0.49 to 4,559 Jy. We also chose two locations that would be most likely to 
have H2O present and one location that was expected to have no H2O as a control: Goldschmidt 
crater, Clavius crater, and Sulpicius Gallus pyroclastic deposit, respectively. Goldschmidt and 
Clavius were chosen because they are located at high northern and southern latitudes, respectively. 
At these latitudes we expect H2O to be present and detectable owing too low surface temperatures. 
In contrast, we use Sulpicius Gallus to represent a location with little to no H2O abundance because 
it is at low latitude (high surface temperature) and because basaltic glass is hydrophobic as 
observed from lab experiments [Hibbitts et al., 2011]. All three locations are also prominent on 
the lunar surface, which would aid in locating each feature in guider images used to support 
FORCAST target acquisition (Figure 4.5). During the observing run, each location was found with 
ease in the guider images using the Focal Plane Imager camera (Figure 4.5). Although the locations 
were found within guider images, we did not re-position the slit exactly on our targets to save time 
and maximize data collection.  
 The telescope on SOFIA is passively cooled by the surrounding air and operates at ~250 K 
causing the telescope itself to emit thermal radiation with a peak emission at 11 µm [Bufton and 
Yorke, 2016]. Therefore, our emission signals are from the telescope and our target of observation, 
Figure 4.5: SOFIA FPI guider images showing accurate location pinpointing of the three targets. Prior to the observing 
run it was not clear if the guider cameras would be able to view the Moon. The FPI images demonstrate feasibility of 
locating geologic targets on the scale of a few km. 
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the lunar surface. To remove the sky background, a process termed “chopping” is used. Chopping 
uses a secondary mirror, which oscillates between on-target and off-target, where the off target is, 
ideally, clean sky without other potential emission sources [Bufton and Yorke, 2016].  
 The Moon is a highly extended object in the sky, and distances required to chop off the 
Moon to a clean sky is a maximum of 15 arcminutes, if the location of interest is near the center 
of disk. This distance is larger than SOFIA is capable of chopping, for this reason (and in addition 
to science reasons), we chose the three targets near the 
limb of the Moon and the dusk terminator to keep the chop 
distance ~ 200 arcseconds. Sulpicius Gallus was located 
next to the terminator, and therefore, we chopped onto the 
unilluminated side of the Moon which displayed a flux 
signal less than one mJ/arcsecond2. 
 The first target we observed was Goldschmidt 
crater and, unfortunately, the chop direction was incorrect. 
Instead of chopping off the Moon to clean sky, the chop 
observations went farther onto the Moon, which caused a 
ghost image on the guider camera and the data could not 
be corrected for sky emissions. This issue was resolved for 
observations of Sulpicius Gallus and Clavius but the 
Goldschmidt observations are left out for the remainder of 
this study. 
4.5 Data Processing 
 The processing steps are shown in Figure 4.6 
which include cleaning of bad pixels, droop effect 
correction (the readout electronics exhibit a response 
offset causing a reduction in signal), nonlinearity 
correction (linearize the response of the detector), stacking 
(background subtraction of chop observations), and jailbar 
removal (removal of residual signal). Because the Moon 
Figure 4.6: SOFIA processing pipeline. 
[SOFIA Guest Observer Handbook for 
FORCAST Data Products]  
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fills the entire FORCAST slit, we requested to have the full spectral image without spectral 
extraction. The processing, therefore, skips the extract and merge steps and continues with the flux 
calibration (Figure 4.6).  
 During flux calibrations, each spectrum is corrected for instrumental response and 
atmospheric transmission. At its operational altitude near 14 km, spectra collected by SOFIA are 
not free from telluric water vapor absorption lines (Figure 4.4), and water is typically present at 
abundances of ~2 to 10 ppm [Bufton and Yorke, 2018]. Correction of water vapor and other 
atmospheric lines is performed by modeling and removing the atmospheric transmission during 
the observations at the altitude SOFIA was flying using the Atmospheric TRANsmission 
(ATRAN) model [Lord, 1992]. At the end of processing, the data consist of flux-calibrated spectral 
images in units of Jy. The data reduction and calibration processes is described in detail in the 
Herter et al., 2013.  
4.6 Methods 
 We receive fully calibrated flux data from SOFIA. The data are spectral images that are 
248 x 248 pixels, where the x axis is wavelengths covering 5 to 8 µm and the y axis is spatial 
position on the Moon along the spectrograph slit (Figure 4.7a). Figure 4.7b shows where the slit 
position on the guider image and data was collected. Further processing of the data is done via 
custom IDL routines and includes removal of additional instrumental artifacts and estimating water 
abundances from the spectra.  
4.6.1 Removal of Instrument Artifact 
 Spectra received from FORCAST show a low frequency spectral oscillation (Figure 4.7a) 
that has been observed in previous FORCAST data. This oscillation is not due to lunar surface 
spectral variation. Typically, SOFIA observers ignore the oscillation because their spectral lines 
are sharp and strong and can be seen through it. However, the 6 µm emission, that we show in the 
next section, is relatively weak, on the same order of intensity as the spectral oscillation artifact. 
Therefore, the oscillation must be removed to properly analyze the data. To remove the oscillation, 
we use the six Sulpicius Gallus spectral images at low latitude (i.e., low total water) to isolate the 
oscillation. We use Sulpicius Gallus pyroclastic deposit as a reference because we expect it to 
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contain low abundance of H2O in contrast to the Clavius region. We reasoned this based on lab 
analysis that basaltic composition glass, analogous to pyroclastic deposit material, is hydrophobic 
[Hibbitts et al., 2011] but also due to its spectral shape at 3 µm using data acquired with the 
groundbased IRTF SpEX instrument from Chapter 3 with no indications of molecular water.  
 Although the 3 µm total water band cannot be used to distinguish between OH versus H2O 
(described in Section 4.2), the spectral shapes of the 3 µm band [Takir and Emery, 2012], as 
observed in the SpEX data, do show differences due to either the species present or the composition 
of the material. If we assume the varying spectral shape indicates the presences of OH (sharp 
Figure 4.8 top) or H2O (round Figure 4.8 bottom), then we can use the SpEX data to indicate 
locations that may have water (indicated by a round spectral shape) and those that may only have 
OH (indicated by a sharp spectral shape). We compared the SpEX spectrum at Sulpicius Gallus 
and Goldschmidt crater to water-bearing glasses (Mid-Ocean Ridge Basalt; MORB) measured in 
the lab that have known abundances of H2O (Figure 4.8). We find that when no H2O is present in 
the MORB glass, the spectral shape is sharp and fits the Sulpicius Gallus spectrum (Figure 4.8 
top). When we examine Goldschmidt, we find that its round spectral shape matches a MORB 
Figure 4.7: a.) Spectral images from SOFIA of the Clavius region and surrounding area. Oscillation superimposed 
on this image is not a lunar feature. The artifact on the top right is due to some contamination on the window of 
FORCAST. b.) Guider image of the Clavius region and the location of the slit.  
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containing water (Figure 4.8 bottom). For this reason, we chose to observe Sulpicius Gallus as a 
dry reference.  
However, as discussed in section 4.2, at 3 µm, OH attached to metal cations can broaden 
the 3 µm band, and this is therefore not a definitive detection of H2O. We use Sulpicius Gallus to 
extract the oscillation and remove it from the Clavius data. To remove the oscillation observed in 
the spectral images, we first remove a continuum from each spectrum in all six of the acquired 
Figure 4.8: Spectra of Sulpicus Gallus (top) and Goldschmidt (bottom) showing the sharp and round spectral shapes, 
respectively. Assuming the spectral shape indicates the presence of water or lack of, Sulpicius Gallus shows no 
H2O while Goldschmidt shows theres water present. Water bearing glasses (red) with known abundance of H2O 
agree with Sulpicius Gallus not containing H2O. 
Figure 4.9: a.) Flux spectrum of Sulpicius Gallus showing the oscillation and continuum to be removed in red. b.) 
continuum removed spectrum. c.) Sulpicius Gallus oscillation image. 
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Sulpicius Gallus spectral images (Figure 4.9a and b). Then we take the mean of the continuum-
removed images to create an image of the oscillation (Figure 4.9c). The oscillation image is then 
divided out of the Clavius spectral images to provide clean spectral images (Figure 4.10a). The 
removal of the continuum sets the oscillation image to have a mean about 1 so that when the 
oscillation image is divided out of the Clavius spectral images, the flux values are preserved. It is 
unknown if there is H2O present at Sulpicius Gallus, therefore, if there is H2O present, the 
oscillation image will cancel out that amount in the Clavius data. For this reason we report lower 
limit abundances of H2O. 
4.7 Detection of a 6 µm Emission Band 
 Using the SOFIA observations of the Clavius region, we have made the first direct 
detection of H2O on the illuminated lunar surface. At Clavius crater and the surrounding terrain, 
we observed a broad 6 µm emission band (Figure 4.11). The band shown in Figure 4.11 is centered 
at 6.06 µm with a band width of 0.01 µm and an intensity of 0.028. The error is derived from the 
square root of the variance reported by SOFIA propagated through the data processing. In Figure 
4.9b the band can be seen along the entire slit and is not present at just a single location but instead 
Figure 4.10: a.) Oscillation-removed flux special image of Clavius region. b.) Clavius region with continuum 
removed. A bright band is seen around 6 µm in the continuum-removed spectral image of Clavius indicating the 
presence of H2O. 
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covers a larger spatial area. Even before the continuum is removed (Figure 4.11a) the 6 µm band 
can be seen.  
4.7.1 Assigning 6 µm Emission to H2O 
 After first inspection, the data show a clear 6 µm emission feature that is possibly due to 
H2O. However, because of the limited work in observing the 6 µm H2O feature, remotely we 
examined the spectral band qualitatively and quantitatively to determine if its properties are 
consistent with particulate water-bearing materials. To do this, we looked at the properties of 
water-bearing MORB glass samples [Li, 2017], meteorites with water from exposure to the 
terrestrial environment [Takir et al., 2019], asteroid Electra [Marchis et al., 2012], and literature 
values of the fundamental H-O-H bend [Falk, 1984]. 
 On visual inspection, the lunar 6 µm band is broader than the 6 µm band of  the MORB 
glasses and the band center is shifted to slightly lower wavelengths (Figure 4.12). The differing 6 
µm bands are to be expected given the differing composition of material and phases. However, 
comparison of the lunar 6 µm band to the meteorites 6 µm band, they have almost identical band 
shape, center, and width. The asteroid band is slightly broader than the lunar and meteorite 6 µm 
bands and its band center is shifted slightly to lower wavelengths. Each of these spectra exhibit 
only one single feature and the similar 6 µm band properties indicate that the same species is being 
Figure 4.11: a.) Oscillation removed radiance spectrum of Clavius region. b.) Continuum removed radiance showing 
a strong 6 µm emission band indicating the presence of H2O. 
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observed. The difference in band center and widths can be effects of differing composition of the 
host material and chemical phase of the water. 
 To quantitatively determine the band center, width, and peak height of our lunar data, 
meteorites, and the MORB glasses, we fit a library of Gaussian functions to each spectrum and  
Figure 4.12: Lunar 6 µm emission band observed by SOFIA (red) compared to other 6 µm bands seen on asteroid 
Elektra (green), meteorites Mil15328 and Murchison (black) [Takir et al., 2019], and in water bearing glass beads 
(blue). 
Figure 4.13: a) Band centers of the lunar 6 µm (red), meteorite (black), and MORB (blue) bands. b) Distribution of 
H2O band centers for crystalline hydrates from Falk 1984. 
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Material 
Band Center Band Width Peak Height 
Range Mean Range Mean Range Mean 
Moon 6.032 – 6.122 6.080 0.054 – 0.270 0.125 0.012 – 0.035 0.022 
Meteorite 6.052 – 6.088 6.073 0.118 – 0.204 0.166 0.070 – 0.199 0.142 
MORB 6.118 – 6.124 6.121 0.086 – 0.089 0.087 0.008 – 0.015 0.011 
Falk, 1984 5.811 – 6.321 6.112 – – – – 
find the best fit. The range and widths of the band centers and widths are shown in Fig 4.13a and 
given in Table 4.1. The observed values for the Moon, meteorites, and MORB glasses all fall  
within the reported band center range of the H-O-H bend in crystalline hydrates [Falk ,1984] 
(Figure 4.13b). We find that the lunar band centers are consistent with Falk (1984) and with water 
bearing meteorites. The Moon and meteorites band centers are offset from the MORB glasses, this 
is to be expected as the MORB glasses are synthetic and pristine samples that lack the complexity 
of planetary material. The complexity of planetary material may affect the position and shape of 
the 6 µm band.  
 Based on these comparisons, we attribute the observed 6 µm feature on the Moon to 
molecular water. We are unaware of any other material reasonable for the Moon that exhibits a 
single spectral feature at 6 µm other than H2O. 
4.8 Deriving Abundances 
 In laboratory analysis of geologic thin sections, the abundance of H2O is quantified by 
measuring the thickness of the sample, its absorbance peak and baseline, and converting these to 
concentrations using the Beer-Lambert law [McIntosh et al., 2017]. In remote sensing of planetary 
regolith’s, samples are in particulate form and no work has been done on deriving the absolute 
abundance of H2O from reflectance spectra near 6 µm. In previous work, Li et al., (2017) measured 
the reflectance spectra from 1 to 25 µm of MORB glasses with known absolute water content 
[Shimizu et al., 2015]. Each sample was heated to 600°C in 50°C increments and measured by 
FTIR spectroscopy at every step to determine how the 3 µm band varies with total water (Figure 
4.14a & b). The data in Figure 4.14a and b show how the 6 µm band strength varies with varying 
Table 4.1: 6 µm band properties for the Moon, meteorites, MORB and literature 
values. See Appendix for full data. 
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abundance in H2O. Using this same data set, we used the 6 µm band to derive an empirical 
relationship between band depth in reflectance and absolute abundance of H2O:  
     𝑦 = 9394 ∙ 𝑏g + 9594 ∙ 𝑏,        (4.1) 
where y is the abundance of H2O in ppm and 𝑏 is the 6 µm band depth in reflectance (Figure 
4.14c). The particle size of this group of samples is 63 to 75 µm which is within the mean particle 
size range of 60 to 80 µm measured by Mitchell et al., (1972). 
Figure 4.14: Water bearing glass beads showing a 3 and 6 µm absorption (a) used to derive a relationship between 
band depth (b) and H2O content (c). 
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 Our data, however, are in emission, and we therefore need to convert to reflectance to 
measure the band depth and estimate the abundance. First we assign an emissivity (𝑒) to our data 
using: 
𝑒 = 1 − 𝑅89:                (4.2) 
where 𝑅𝑟𝑒𝑓 is the reference continuum at 6 µm from Apollo samples taken to be 0.3 providing an 
emissivity of 0.7. We apply this to our emission spectra (𝐸): 
𝐸 = 𝐹 ∗ 𝑒              (4.3) 
where 𝐹 is the flux. We then use Kirchoff’s law to convert emission to reflectance (𝑅): 
𝑅 = 1 − 𝐸              (4.4) 
Lastly we calculate the band depth of the 6 µm band in reflectance using: 
𝑏 = 1 − HaQk
HUVQ
              (4.5) 
where 𝑅𝑏𝑎𝑛𝑑 and 𝑅𝑐𝑜𝑛𝑡 are the mean absorption peak from 6.0 to 6.1 µm and the mean continuum 
from 5.2 to 5.3 µm, respectively. Now, we can use the empirical relationship in Eq. 4.1 to estimate 
the abundance of H2O. Over the entire data set for the Clavius region, we calculate abundances 
between 243 and 725 ppm H2O with average abundances of 494 ± 14 ppm H2O (Figure 4.15). 
Figure 4.15: Distribution of H2O abundance for all six Clavius spectral images with a mean of 494 ± 14 ppm H2O. 
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These estimates are lower limits because Sulpicius Gallus was used as reference and any water 
present would have been removed from the Clavius data. The error in abundance is found by 
adding plus and minus one sigma to the spectra and converting the spectra to abundance and 
finding the difference in abundance between the original spectra and the error included spectra. 
4.8.1 H2O Abundance with Latitude 
 SOFIA FORCAST data are spectral image cubes with 248 spectra along the slit. This 
provides spatial information regarding the strength of the 6 µm band as the slit transected high 
southern latitudes out to the sky as seen in Figure 4.7. Because of this, we can examine how the 
strength of the band varies with latitude. Figure 4.16 shows the band depth and lower limit 
abundance in ppm H2O versus latitude. From the observed band depth, there is no clear trend of 
increasing or decreasing band strength, and therefore abundance of H2O, with latitude. However, 
only a limited area was observed and therefore we cannot comment on global variations with 
latitude. 
Figure 4.16: One of the six frames of Clavius showing the lunar 6 µm band depth and abundance versus latitude. 
No clear trend with latitude is observed. 
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4.9 Discussion 
 The detection of the 6 µm band supports the hypothesis that the lunar surface can retain 
migrating water (as described in Chapter 3) [Watson et al., 1961; Sunshine et al., 2009] or sequester 
metastable water in impact glass [Liu et al., 2012; Daly and Schultz, 2018]. How much of the water 
is stored within the grains and how much is on the grain surface is important for understanding the 
migration of water and its ability to supply the poles and the atmosphere. The abundance of water 
that can survive on grain surfaces is highly dependent on surface temperature. To estimate the 
abundance of water in grains or on the surface of grains, we first estimate the temperature of the 
lunar surface and how much the surface of grains can hold at the observed temperature. 
4.9.1 Estimating Surface Temperature 
 There are two types of temperatures: kinetic and brightness temperature. Kinetic 
temperature is the physical temperature that governs the surface chemistry. Brightness 
temperatures is what we measure with remote sensing and is a measurement of energy emitted by 
an object and the temperature of a blackbody that would result in the measured energy. 
Measurements of brightness temperature commonly includes of both illuminated and shadowed 
surfaces due to the lunar surface being rough at small scales. At high latitudes, we observe the 
surface at high inclination illumination angles, which exacerbates the surface roughness problem. 
These surfaces will either be shadowed with low temperatures or inclined towards the sun with 
high temperatures, which will dominate the spectrum. Consequently the brightness temperature 
should be lower than the kinetic temperature. The kinetic temperature of the illuminated hot 
surface can be calculated using: 
𝑇 = 𝑇<< ∗ 𝑐𝑜𝑠(𝑖)v ⁄         (4.8) 
where 𝑖 is the incidence angle and 𝑇𝑠𝑠 is the temperature of the sub-solar point [Pettit and 
Nicholson, 1930; Lawson and Jakosky, 1999]. Using 380 K for the sub-solar point and the 
incidence angle of 74.92˚ for our observations of Clavius region calculated from JPL Horizons 
ephemeris, we calculate the kinetic temperature to be 304 K.  
 To find the brightness temperature, we use Planck’s law by first converting our data to 
radiance in W/m2/sr/µm and using the FORCAST slit width (2.4”) and pixel height (0.768”) to 
determine the relevant solid angle. We calculate a mean brightness temperature of 310 ± 12.5 K 
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in the Clavius region at 6 µm at a lunar local time of ~14:30. Figure 4.18 shows the brightness 
temperature at 6 µm along the slit, as a function of latitude. The variation in temperature 
corresponds to variation in illumination of the surface. The error in brightness temperature is 
derived from the square root of the variance, provided by SOFIA, converted to brightness 
temperature. The brightness temperature that we calculate is higher than the estimated kinetic 
temperature,  there are two possible explanation for this. First, while observing the Moon, we could 
not perform nodding of the telescope (repositioning of the instrument slit to a slightly different 
location to remove residual telescope emission) due to the spatial extent of the Moon. This may 
have resulted in some residual telescope emission which was not fully removed in the chopping 
technique. To understand if there was residual telescope emission we inspected portions of the slit 
that fell on the sky, these did not contain enough residual brightness. Therefore, the amount of 
residual thermal emission from the telescope should be small and within our error. The second 
cause is window degradation of SOFIA during our observations. The window had artifacts that 
could have affected the flux calibration causing higher flux values, and, therefore, temperature. 
Data obtained in imaging mode was greatly affected by the window, however, we collected data 
in grism mode that only occupied a small portion of the detector array. The adverse effects of this 
Figure 4.18: Brightness temperature from one observation of the Clavius region. The variation in brightness 
temperature corresponds to locations of more or less illumination. The error is found by converting the variance 
reported by the FORCAST processing, converting it to radiance and brightness temperature and taking the square 
root. 
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is unknown. For the purpose of further discussion, we will use the brightness temperature of 310 
K to determine how much H2O is on the surface and free to migrate. 
4.9.2 Estimating the Abundance of H2O Available to Migrate 
 At temperatures derived from SOFIA spectra, ~310 K, only ~10% of a monolayer (a layer 
one molecule thick) is permitted on the surface of silicate grains (Figure 4.19) (methods of Jones 
et al., 2019). To estimated how much of the water can be due to migratory H2O with a 10% 
monolayer we first find the amount of H2O the surface of an average lunar grain can contain. We 
calculate the mass per unit area of a monolayer of water (𝑀𝑚𝑜𝑛𝑜), for that we need the molar mass 








= 3.95𝑥10−4	𝑔/𝑚2/𝑚𝑜𝑙,      (5.4) 
where 𝑑𝐻2𝑂 is the diameter of a water molecule (0.275 nm), and 𝑁0 is Avogadro’s number. We 
then find the mass of a 10% monolayer, which is 3.95𝑥10w	𝑔/𝑚g/𝑚𝑜𝑙. To get the abundance  
of H2O this 10% monolayer can hold, we multiply 𝑀𝑚𝑜𝑛𝑜 by the surface area of lunar soils which 
we take to be on average 0.5	𝑚g/𝑔 [Cadenhead et al., 1977; Robens et al., 2007]. From this, we 
find that the lunar surface can only hold ~20 ± 4 ppm H2O in the form of water trapped on the 
surface of a grain in a 10% monolayer. This abundance is, on average, about 20 times less than the 
total abundance of water that we measured with SOFIA. 
 This result has implications for the storage and migration of H2O. First, if the temperatures 
are low enough to support a 100% monolayer, the surface of grains can hold ~198 ppm H2O. At 
low enough temperatures, the surface could hold most of the water observed by SOFIA. However, 
most of the water we observed is likely trapped within the grains, allowing only a small amount 
of H2O available to migrate at high latitudes, even given the uncertainties in temperature estimates. 
By implication, most of the water observed must be contained within the lunar grains. If we further 
assume that the molecular water is confined to agglutinate glass, then the abundance of water in 
the glasses  ranges from 810 to 2,416 ppm H2O with an average of 1,647 ppm H2O (0.3 wt. %) as 
typical lunar soils contain about 30% glass by weight originating from micrometeorite impact 
[McKay et al., 1991]. Stolper (1982) found that at low abundances of hydration in glass, H was 
speciated as OH rather than H2O. He found that at abundances less than 2,000 ppm H2O equivalent, 
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molecular water was not present. Our abundances of molecular water, however, are lower than 
Stolper (1982) claimed are stable. We point out that Daly and Schulz (2018) found molecular water 
in their samples, produced in impact experiments, at far lower abundances than Stolper (1982). 
The lower limit defined by Stolper (1982) may, therefore, not apply in all cases, and our 
observations and abundances are in agreement with Daly and Schultz (2018). 
Our mean abundance of water is twenty times higher than Liu et al. (2012), who measured 
70 ppm H2O equivalent, or total water, in agglutinate glasses originating from Apollo lunar soil 
samples taken near the equator. This is consistent with more total water at high latitudes relative 
to the equator, as shown in M3 and IRTF data. Li and Milliken 2017 measured ~500 ppm H2O in 
M3 data at high southern latitudes while at the equator they measured less than 100 ppm H2O. Our 
abundances from SOFIA are in agreement with total water abundances measured in Chapter 3. 
Lastly, the low abundance of water that the surface of  grains can hold means there is little available 
to migrate, therefore, we expect that there is little variation in the 6 µm band occurring at high 
latitudes. This would be consistent with Li and Milliken (2017) and our observations in the 
previous chapter where little variation of the 3 µm band is observed above 60° latitude in M3, IRTF, 
and FUV LAMP data. Finally, the water contained in the agglutinate impact glass can be 
Figure 4.19: Fraction of a monolayer available to cover the lunar surface at specific temperatures for southern 
latitudes. Temperature was calculated based on Hurley et al., 2015. (Personal communication, Thomas Orlando and 
Brant Jones] 
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remobilized by micrometeoroid impact as Farrell et al., 2019 pointed out regarding impacts into 
permanent shadow. Therefore, water stored in agglutinates is not a permanent sink isolated from 
the lunar atmosphere and poles. 
4.10 Conclusions 
 We have successfully detected H2O on the illuminated lunar surface using the SOFIA 
FORCAST instrument. This is the first direct, unambiguous detection of molecular water. We 
measured lower limit abundances ranging from 243 to 725 ppm H2O in the Clavius region located 
at high southern latitudes. Of this estimated H2O abundance, we calculate that ~96% of the 
observed water is stored within the lunar grains based on temperature and surface area estimates. 
These estimates only allow a small amount of H2O to be available to migrate at high southern 




CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
5.1 Summary  
 In this dissertation, we explored the remote measurements of volatiles components on the 
Earth and Moon using infrared wavelengths. In Chapter 2, we built, tested, and deployed a light 
weight instrument (MIDAS) operating in the MWIR that is attractive for small satellite platforms 
to monitor and study high temperature phenomena on the Earth. MIDAS employs a Sagnac 
interferometer married to an uncooled microbolometer to keep the weight, volume, and power 
consumption low. MIDAS is capable of providing measurements of high temperature targets with 
signal-to-noise ratios in the hundreds. At the former Kīlauea lava lake, we demonstrated the 
MIDAS instrument’s ability to conduct field observations of the volcanic gas plume using the lava 
lake as the hot source of radiance. MIDAS was able to produce spectral radiance and brightness 
temperature maps. Using line-by-line radiative transfer modeling, we modeled the spectra and map 
the abundances of volcanic CO2 within the plume. From this work, we conclude that MWIR 
measurements with a light-weight instrument are possible for high temperature phenomena. While 
we only looked at CO2, MIDAS is capable of measuring H2O, CH4, and, if extended to longer 
wavelengths, SO2 and the chemical composition of solid targets.  
 In Chapters 3 and 4, we investigated the hydration of the Moon using two new 
observatories and new wavelength ranges for the Moon. We investigated the variability of the 3 
µm band using the groundbased IRTF, which provides wavelengths beyond 3 µm. Using these 
longer wavelengths, we are able to strongly constrain thermal models out to 4 µm. This work 
demonstrates the utility of the longer wavelengths to accurately remove the lunar thermal 
component from 3 µm data. Thermally corrected data provided a view of the variability of the 3 
µm band, attributed to OH + H2O, using observations of the same location at different lunar times 
of day. We found that the band variation is due to changes in abundance of total water and that it 
varies with lunar time of day, latitude, and composition. This confirms that the variation is due to 
either migrating H2O or to the diffusion of H through lunar grains forming transient OH. 
 Using new remote sensing techniques and a new data set from SOFIA, we reported the first 
direct unambiguous detection of molecular water on the illuminated lunar surface in Chapter 4. 
Use of 6 µm spectroscopy of the lunar surface has revealed the presence of H2O at high southern 
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latitudes. Prior to this detection, it had been theorized that H2O could form on the Moon, but all 
detections were indirect or ambiguous.  Using 6 µm emission bands to detect H2O is new to remote 
sensing, and provides a definitive detection. With a single observing run on SOFIA, we collected 
data at high southern latitudes and observed the 6 µm band attributed to H2O. Using water bearing 
glasses with known abundances of H2O, we derived an empirical relationship to estimate a lower 
limit abundance of H2O present. We estimate approximately 28 to 368 ppm H2O is present in the 
high southern region of Clavius. Based on the calculated brightness temperature and the abundance 
measured, we estimate that, on average, 85.2% of the water observed resides in the lunar 
agglutinate grains formed from micrometeoroid impacts. From our observations, this gives a lower 
limit abundances of 3 to 1137 ± 267 ppm H2O within the agglutinate glasses. 
5.2 Future work 
5.2.1 Determining the use of MIDAS for Lunar Field Work 
Instruments like MIDAS are attractive for use in the field, like at the Kīlauea lava lake, but 
also for lunar exploration. With the Remote In Situ and Synchrotron Studies for Science and 
Exploration 2 (RISE2) team, an instrument similar to, if not MIDAS, will be used to simulate 
astronauts working on the lunar surface during an Extra Vehicular Activity (EVA). MIDAS will 
be set up in the field as if it was mounted onto a lunar rover. Once at a new location, MIDAS will  
scan the location collecting data to be processed in real time and creating spectral maps of the 
scene looking for spectral anomalies. Scientists and astronauts can then examine the spectral maps 
and plan the upcoming EVA to sample specific locations that show interesting composition in the 
spectral maps. This work has already been started using a LWIR instrument, but we hope to extend 
to the MWIR so that hydration features such as the 3 and 6 µm bands can be observed as well.  
5.2.2 Connecting IRTF and SOFIA Observations 
 We will continue to observe the lunar surface with both the IRTF and SOFIA. Observations 
with the IRTF have been conducted for two years. Our complete data set has not been fully 
processed and examined due to the vast amount of data collected. One project is to process the 
maps of pyroclastic deposits. Using our long wavelengths, we can constrain the thermal models 
and provide better estimate of total water abundance at pyroclastic deposits. These estimates are 
 102 
important because hydration observed at these geologically interesting locations provides 
information about the hydration of the lunar interior and its formation history.   
Now that the presence of H2O on the Moon is confirmed, we will continue to make 
observations with SOFIA looking at how water behaves on a global scale. We will look at the 6 
µm feature in the same way we have the 3 µm band with the IRTF by observing the same location 
at multiple lunar times of day to look at the diurnal variability of water or to constrain the water to 
the interior of grains. We will also map the same pyroclastic deposits as we did with the IRTF to 
see if H2O is present in the glass beads of the deposits. Currently, we have additional observing 
time on SOFIA on October 14th, 2019. We are also working on proposals for a 6 µm instrument to 
orbit the Moon either as a CubeSat or on a larger platform.  
Our observations of the lunar surface at both 3 and 6 µm greatly improves our knowledge 
of the surface and internal processes that have occurred, and are occurring, on the Moon. The maps 
we produce from both the IRTF and SOFIA can be used for future exploration of the Moon. They 
can be used to locate large reservoirs of water on the Moon for in-situ resource utilization and for 







Centers Widths Depths ppm H2O Centers Widths Depths ppm H2O 
6.072 0.062 0.030 299.662 6.088 0.204 0.199 2281.853 
6.082 0.058 0.030 299.662 6.052 0.138 0.070 722.808 
6.074 0.070 0.032 313.230 6.072 0.118 0.099 1042.422 
6.078 0.066 0.032 320.027 6.080 0.202 0.199 2281.853 
6.080 0.066 0.032 320.027 MORB 
6.076 0.070 0.030 292.890 Centers Widths Depths ppm H2O 
6.078 0.066 0.031 306.442 6.119 0.088 0.015 2146.000 
6.080 0.074 0.028 279.371 6.119 0.087 0.012 2032.000 
6.078 0.074 0.028 279.371 6.121 0.086 0.011 1813.000 
6.078 0.066 0.031 306.442 6.120 0.086 0.009 1033.000 
6.074 0.078 0.030 292.890 6.124 0.086 0.008 865.000 
6.068 0.082 0.028 279.371 Moon 
6.072 0.078 0.028 279.371 Centers Widths Depths ppm H2O 
6.066 0.078 0.028 272.625 6.092 0.194 0.016 159.208 
6.064 0.078 0.029 286.126 6.092 0.186 0.016 152.612 
6.074 0.070 0.030 292.890 6.114 0.186 0.014 132.873 
6.078 0.070 0.030 292.890 6.104 0.182 0.015 146.024 
6.080 0.066 0.029 286.126 6.100 0.194 0.018 172.426 
6.084 0.066 0.028 272.625 6.086 0.182 0.018 179.047 
6.084 0.066 0.029 286.126 6.090 0.162 0.020 198.962 
6.076 0.074 0.027 265.886 6.094 0.166 0.020 198.962 
6.058 0.086 0.026 259.156 6.088 0.150 0.024 239.016 
6.064 0.086 0.026 252.435 6.086 0.154 0.023 225.631 
6.062 0.090 0.026 252.435 6.122 0.226 0.019 185.677 
6.064 0.082 0.026 259.156 6.122 0.210 0.020 198.962 
6.058 0.094 0.023 225.631 6.122 0.206 0.018 172.426 
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6.068 0.086 0.023 225.631 6.102 0.186 0.015 146.024 
6.066 0.082 0.022 218.952 6.122 0.214 0.012 119.755 
6.070 0.082 0.023 225.631 6.116 0.198 0.013 126.310 
6.082 0.062 0.026 252.435 6.088 0.198 0.014 139.444 
6.086 0.070 0.024 239.016 6.102 0.226 0.015 146.024 
6.088 0.070 0.026 252.435 6.102 0.246 0.016 159.208 
6.078 0.082 0.024 239.016 6.100 0.198 0.021 205.617 
6.080 0.074 0.026 252.435 6.084 0.158 0.024 232.320 
6.064 0.082 0.026 252.435 6.072 0.178 0.020 198.962 
6.064 0.078 0.026 259.156 6.084 0.142 0.022 212.280 
6.070 0.074 0.024 239.016 6.100 0.182 0.024 232.320 
6.078 0.070 0.026 252.435 6.112 0.178 0.030 292.890 
6.082 0.066 0.027 265.886 6.104 0.170 0.029 286.126 
6.084 0.074 0.026 259.156 6.088 0.154 0.028 272.625 
6.086 0.070 0.029 286.126 6.122 0.230 0.024 232.320 
6.082 0.070 0.028 279.371 6.122 0.222 0.026 259.156 
6.078 0.070 0.026 259.156 6.122 0.202 0.024 239.016 
6.076 0.074 0.025 245.721 6.122 0.218 0.020 198.962 
6.068 0.078 0.026 259.156 6.122 0.226 0.020 192.315 
6.072 0.074 0.026 252.435 6.122 0.270 0.020 198.962 
6.080 0.074 0.026 252.435 6.122 0.270 0.022 212.280 
6.078 0.078 0.026 252.435 6.122 0.270 0.022 212.280 
6.070 0.082 0.025 245.721 6.122 0.222 0.022 218.952 
6.070 0.082 0.025 245.721 6.114 0.218 0.020 198.962 
6.076 0.086 0.023 225.631 6.122 0.210 0.018 179.047 
6.070 0.090 0.022 212.280 6.118 0.230 0.020 192.315 
6.074 0.078 0.024 239.016 6.116 0.206 0.020 198.962 
6.068 0.082 0.023 225.631 6.088 0.134 0.016 159.208 
6.070 0.082 0.022 212.280 6.088 0.134 0.018 172.426 
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6.072 0.086 0.021 205.617 6.082 0.130 0.017 165.813 
6.068 0.086 0.021 205.617 6.084 0.114 0.017 165.813 
6.068 0.086 0.021 205.617 6.090 0.122 0.016 152.612 
6.066 0.090 0.020 192.315 6.078 0.122 0.016 159.208 
6.058 0.090 0.021 205.617 6.082 0.110 0.017 165.813 
6.064 0.086 0.023 225.631 6.076 0.142 0.018 179.047 
6.062 0.086 0.022 212.280 6.072 0.146 0.016 159.208 
6.058 0.090 0.020 198.962 6.032 0.154 0.014 132.873 
6.060 0.086 0.021 205.617 6.054 0.130 0.013 126.310 
6.062 0.086 0.021 205.617 6.062 0.122 0.015 146.024 
6.060 0.090 0.020 192.315 6.064 0.142 0.014 139.444 
6.062 0.090 0.020 198.962 6.082 0.150 0.015 146.024 
6.064 0.094 0.022 218.952 6.070 0.134 0.016 152.612 
6.066 0.098 0.023 225.631 6.052 0.134 0.015 146.024 
6.070 0.094 0.024 232.320 6.074 0.126 0.014 139.444 
6.070 0.094 0.022 218.952 6.084 0.158 0.017 165.813 
6.062 0.090 0.023 225.631 6.076 0.142 0.020 192.315 
6.060 0.102 0.022 212.280 6.086 0.126 0.020 198.962 
6.066 0.102 0.020 192.315 6.072 0.134 0.020 198.962 
6.072 0.102 0.021 205.617 6.078 0.142 0.019 185.677 
6.074 0.114 0.021 205.617 6.086 0.146 0.018 172.426 
6.072 0.118 0.020 198.962 6.080 0.142 0.018 172.426 
6.066 0.138 0.019 185.677 6.080 0.146 0.018 172.426 
6.072 0.118 0.022 218.952 6.082 0.142 0.018 179.047 
6.076 0.118 0.022 218.952 6.086 0.158 0.016 152.612 
6.068 0.122 0.022 212.280 6.086 0.134 0.018 172.426 
6.074 0.126 0.021 205.617 6.080 0.166 0.018 179.047 
6.072 0.130 0.020 198.962 6.110 0.202 0.016 152.612 
6.076 0.118 0.022 212.280 6.108 0.186 0.017 165.813 
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6.074 0.122 0.022 212.280 6.102 0.202 0.017 165.813 
6.074 0.126 0.021 205.617 6.110 0.198 0.016 159.208 
6.070 0.118 0.022 212.280 6.104 0.186 0.018 172.426 
6.072 0.118 0.020 198.962 6.096 0.158 0.019 185.677 
6.064 0.114 0.021 205.617 6.092 0.162 0.019 185.677 
6.070 0.114 0.020 192.315 6.118 0.202 0.016 159.208 
6.074 0.118 0.020 198.962 6.104 0.202 0.018 172.426 
6.076 0.130 0.020 198.962 6.090 0.230 0.017 165.813 
6.072 0.130 0.020 192.315 6.090 0.178 0.018 172.426 
6.076 0.130 0.020 192.315 6.068 0.082 0.022 218.952 
6.076 0.138 0.018 179.047 6.066 0.082 0.022 212.280 
6.078 0.130 0.018 179.047 6.064 0.086 0.020 192.315 
6.076 0.134 0.020 198.962 6.064 0.086 0.021 205.617 
6.078 0.134 0.020 198.962 6.064 0.082 0.024 232.320 
6.076 0.134 0.020 198.962 6.066 0.078 0.022 218.952 
6.066 0.134 0.020 192.315 6.068 0.082 0.021 205.617 
6.072 0.134 0.018 179.047 6.070 0.082 0.022 212.280 
6.070 0.126 0.019 185.677 6.072 0.082 0.022 218.952 
6.070 0.122 0.020 192.315 6.064 0.086 0.021 205.617 
6.066 0.126 0.021 205.617 6.066 0.086 0.022 218.952 
6.068 0.126 0.020 192.315 6.068 0.082 0.022 218.952 
6.064 0.130 0.018 172.426 6.070 0.082 0.021 205.617 
6.064 0.134 0.016 159.208 6.064 0.086 0.019 185.677 
6.062 0.134 0.016 159.208 6.056 0.078 0.020 192.315 
6.068 0.150 0.014 132.873 6.052 0.078 0.014 132.873 
6.062 0.138 0.014 132.873 6.054 0.070 0.016 159.208 
6.066 0.130 0.015 146.024 6.066 0.082 0.015 146.024 
6.050 0.146 0.014 132.873 6.072 0.090 0.018 179.047 
6.072 0.130 0.016 152.612 6.084 0.090 0.024 232.320 
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6.086 0.146 0.018 179.047 6.080 0.098 0.022 212.280 
6.082 0.138 0.020 192.315 6.076 0.114 0.020 198.962 
6.080 0.130 0.020 198.962 6.070 0.110 0.021 205.617 
6.076 0.142 0.021 205.617 6.068 0.106 0.021 205.617 
6.080 0.134 0.021 205.617 6.072 0.106 0.020 198.962 
6.074 0.166 0.019 185.677 6.068 0.110 0.020 192.315 
6.080 0.154 0.017 165.813 6.072 0.110 0.020 192.315 
6.082 0.142 0.018 172.426 6.072 0.102 0.020 192.315 
6.074 0.146 0.019 185.677 6.076 0.110 0.020 192.315 
6.084 0.166 0.016 152.612 6.074 0.130 0.018 179.047 
6.084 0.134 0.018 172.426 6.074 0.118 0.020 198.962 
6.082 0.150 0.020 198.962 6.072 0.122 0.020 192.315 
6.086 0.170 0.019 185.677 6.082 0.130 0.020 192.315 
6.092 0.154 0.020 192.315 6.090 0.138 0.020 192.315 
6.098 0.190 0.018 179.047 6.084 0.138 0.020 192.315 
6.082 0.166 0.020 192.315 6.082 0.134 0.018 179.047 
6.088 0.158 0.020 192.315 6.078 0.142 0.016 159.208 
6.082 0.146 0.020 192.315 6.078 0.154 0.016 152.612 
6.084 0.154 0.018 172.426 6.078 0.122 0.016 152.612 
6.098 0.194 0.016 159.208 6.080 0.114 0.014 139.444 
6.088 0.182 0.018 179.047 6.076 0.070 0.032 320.027 
6.080 0.186 0.018 179.047 6.070 0.074 0.032 313.230 
6.070 0.146 0.016 159.208 6.070 0.078 0.029 286.126 
6.070 0.146 0.014 139.444 6.072 0.078 0.029 286.126 
6.080 0.162 0.014 132.873 6.068 0.078 0.028 272.625 
6.098 0.182 0.014 139.444 6.068 0.078 0.029 286.126 
6.082 0.186 0.016 152.612 6.062 0.082 0.027 265.886 
6.070 0.178 0.017 165.813 6.058 0.086 0.026 259.156 
6.072 0.182 0.016 152.612 6.066 0.082 0.027 265.886 
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6.090 0.174 0.016 152.612 6.060 0.086 0.024 239.016 
6.072 0.162 0.018 179.047 6.070 0.082 0.027 265.886 
6.074 0.150 0.023 225.631 6.084 0.066 0.028 279.371 
6.082 0.158 0.025 245.721 6.068 0.086 0.028 272.625 
6.084 0.150 0.025 245.721 6.068 0.082 0.030 292.890 
6.108 0.174 0.023 225.631 6.072 0.078 0.030 292.890 
6.118 0.198 0.022 212.280 6.066 0.082 0.028 279.371 
6.100 0.186 0.021 205.617 6.068 0.082 0.030 292.890 
6.118 0.222 0.018 172.426 6.072 0.074 0.031 306.442 
6.112 0.214 0.018 179.047 6.064 0.082 0.030 299.662 
6.110 0.198 0.018 179.047 6.060 0.082 0.029 286.126 
6.116 0.206 0.018 172.426 6.068 0.082 0.027 265.886 
6.122 0.202 0.018 179.047 6.068 0.078 0.028 272.625 
6.116 0.202 0.019 185.677 6.068 0.074 0.026 259.156 
6.112 0.226 0.019 185.677 6.068 0.074 0.027 265.886 
6.114 0.222 0.018 179.047 6.074 0.074 0.027 265.886 
6.104 0.182 0.020 192.315 6.076 0.070 0.028 279.371 
6.112 0.194 0.020 192.315 6.080 0.070 0.029 286.126 
6.118 0.206 0.021 205.617 6.078 0.078 0.028 279.371 
6.108 0.218 0.022 212.280 6.076 0.078 0.028 279.371 
6.120 0.222 0.022 212.280 6.082 0.066 0.027 265.886 
6.122 0.210 0.020 198.962 6.074 0.074 0.026 252.435 
6.122 0.206 0.021 205.617 6.078 0.074 0.024 232.320 
6.122 0.206 0.022 218.952 6.076 0.074 0.024 232.320 
6.122 0.202 0.024 232.320 6.074 0.078 0.024 232.320 
6.122 0.210 0.024 232.320 6.068 0.086 0.022 218.952 
6.122 0.218 0.024 232.320 6.068 0.086 0.022 218.952 
6.122 0.226 0.024 232.320 6.072 0.082 0.022 218.952 
6.122 0.218 0.024 239.016 6.074 0.082 0.022 218.952 
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6.122 0.210 0.024 239.016 6.066 0.086 0.022 212.280 
6.122 0.226 0.024 239.016 6.068 0.082 0.021 205.617 
6.122 0.222 0.023 225.631 6.062 0.150 0.014 132.873 
6.122 0.230 0.024 239.016 6.076 0.166 0.013 126.310 
6.122 0.218 0.023 225.631 6.118 0.234 0.014 139.444 
6.074 0.062 0.035 347.298 6.102 0.202 0.020 192.315 
6.066 0.082 0.032 320.027 6.092 0.158 0.022 218.952 
6.082 0.074 0.032 313.230 6.088 0.178 0.021 205.617 
6.082 0.070 0.032 313.230 6.096 0.198 0.021 205.617 
6.080 0.070 0.032 313.230 6.106 0.214 0.020 192.315 
6.078 0.078 0.026 259.156 6.122 0.202 0.022 218.952 
6.074 0.082 0.027 265.886 6.122 0.222 0.028 272.625 
6.078 0.078 0.027 265.886 6.122 0.190 0.029 286.126 
6.080 0.074 0.027 265.886 6.122 0.194 0.024 232.320 
6.082 0.066 0.029 286.126 6.122 0.198 0.021 205.617 
6.074 0.078 0.028 279.371 6.122 0.222 0.022 218.952 
6.066 0.082 0.028 272.625 6.122 0.210 0.025 245.721 
6.072 0.078 0.028 272.625 6.122 0.230 0.026 252.435 
6.064 0.078 0.028 279.371 6.122 0.234 0.024 239.016 
6.064 0.078 0.029 286.126 6.122 0.234 0.024 232.320 
6.074 0.070 0.030 299.662 6.122 0.226 0.022 218.952 
6.080 0.070 0.030 299.662 6.122 0.230 0.022 212.280 
6.074 0.074 0.030 299.662 6.122 0.234 0.020 192.315 
6.084 0.066 0.029 286.126 6.122 0.230 0.020 192.315 
6.078 0.074 0.029 286.126 6.122 0.234 0.023 225.631 
6.078 0.078 0.028 272.625 6.122 0.226 0.022 218.952 
6.068 0.086 0.027 265.886 6.090 0.058 0.032 313.230 
6.072 0.082 0.027 265.886 6.090 0.062 0.027 265.886 
6.068 0.086 0.028 272.625 6.088 0.066 0.024 239.016 
 110 
6.078 0.082 0.028 272.625 6.084 0.058 0.022 218.952 
6.084 0.074 0.029 286.126 6.060 0.074 0.022 218.952 
6.066 0.090 0.026 259.156 6.046 0.078 0.021 205.617 
6.088 0.062 0.030 299.662 6.050 0.074 0.024 239.016 
6.088 0.062 0.031 306.442 6.062 0.066 0.026 259.156 
6.060 0.090 0.027 265.886 6.064 0.062 0.029 286.126 
6.072 0.086 0.026 252.435 6.068 0.062 0.033 326.832 
6.070 0.082 0.026 259.156 6.064 0.074 0.030 292.890 
6.068 0.086 0.024 232.320 6.062 0.082 0.028 279.371 
6.076 0.070 0.024 239.016 6.068 0.078 0.028 279.371 
6.074 0.066 0.026 252.435 6.060 0.078 0.030 299.662 
6.054 0.086 0.023 225.631 6.062 0.074 0.032 320.027 
6.076 0.070 0.024 239.016 6.066 0.074 0.032 313.230 
6.080 0.066 0.028 272.625 6.048 0.146 0.014 132.873 
6.074 0.074 0.028 272.625 6.054 0.166 0.014 139.444 
6.080 0.066 0.032 320.027 6.066 0.190 0.016 152.612 
6.082 0.066 0.032 313.230 6.080 0.170 0.018 179.047 
6.080 0.066 0.032 313.230 6.066 0.150 0.020 198.962 
6.082 0.066 0.030 299.662 6.080 0.162 0.018 179.047 
6.082 0.066 0.031 306.442 6.086 0.162 0.018 179.047 
6.074 0.086 0.028 272.625 6.080 0.150 0.019 185.677 
6.080 0.070 0.028 279.371 6.072 0.142 0.020 192.315 
6.072 0.074 0.028 279.371 6.078 0.158 0.018 179.047 
6.072 0.074 0.024 239.016 6.080 0.142 0.016 159.208 
6.070 0.082 0.022 218.952 6.084 0.142 0.016 159.208 
6.066 0.086 0.022 218.952 6.078 0.162 0.019 185.677 
6.072 0.082 0.023 225.631 6.092 0.186 0.018 172.426 
6.070 0.086 0.023 225.631 6.102 0.182 0.018 172.426 
6.070 0.082 0.025 245.721 6.082 0.210 0.017 165.813 
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6.076 0.078 0.025 245.721 6.092 0.190 0.017 165.813 
6.070 0.086 0.022 212.280 6.100 0.182 0.018 172.426 
6.068 0.086 0.022 218.952 6.096 0.178 0.018 172.426 
6.070 0.078 0.024 239.016 6.110 0.202 0.016 159.208 
6.066 0.082 0.024 232.320 6.104 0.226 0.017 165.813 
6.064 0.086 0.022 212.280 6.080 0.214 0.016 159.208 
6.064 0.090 0.022 218.952 6.082 0.206 0.016 152.612 
6.056 0.086 0.024 239.016 6.090 0.206 0.016 152.612 
6.062 0.086 0.023 225.631 6.096 0.214 0.018 179.047 
6.064 0.086 0.022 212.280 6.098 0.202 0.021 205.617 
6.064 0.090 0.021 205.617 6.100 0.198 0.018 179.047 
6.070 0.090 0.022 212.280 6.078 0.182 0.014 139.444 
6.066 0.086 0.022 218.952 6.104 0.202 0.012 119.755 
6.066 0.094 0.022 212.280 6.122 0.230 0.014 132.873 
6.070 0.098 0.023 225.631 6.122 0.206 0.018 172.426 
6.072 0.094 0.024 239.016 6.104 0.206 0.018 179.047 
6.072 0.086 0.025 245.721 6.116 0.202 0.018 179.047 
6.070 0.086 0.025 245.721 6.122 0.218 0.018 179.047 
6.064 0.090 0.024 239.016 6.116 0.214 0.020 192.315 
6.062 0.094 0.024 239.016 6.122 0.214 0.021 205.617 
6.060 0.094 0.021 205.617 6.122 0.182 0.020 198.962 
6.054 0.090 0.022 212.280 6.122 0.206 0.018 179.047 
6.062 0.098 0.023 225.631 6.122 0.218 0.018 172.426 
6.066 0.106 0.022 218.952 6.082 0.202 0.015 146.024 
6.068 0.110 0.022 218.952 6.072 0.082 0.028 272.625 
6.074 0.102 0.023 225.631 6.072 0.078 0.028 272.625 
6.070 0.106 0.023 225.631 6.068 0.082 0.028 272.625 
6.072 0.106 0.024 232.320 6.062 0.086 0.027 265.886 
6.076 0.114 0.021 205.617 6.074 0.078 0.025 245.721 
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6.070 0.110 0.022 212.280 6.084 0.070 0.025 245.721 
6.074 0.110 0.022 212.280 6.090 0.066 0.026 259.156 
6.070 0.110 0.021 205.617 6.084 0.070 0.027 265.886 
6.066 0.110 0.021 205.617 6.086 0.074 0.028 272.625 
6.064 0.114 0.020 192.315 6.080 0.074 0.028 279.371 
6.064 0.110 0.018 179.047 6.080 0.074 0.027 265.886 
6.064 0.106 0.020 192.315 6.070 0.086 0.026 252.435 
6.072 0.110 0.020 198.962 6.070 0.082 0.026 252.435 
6.070 0.110 0.021 205.617 6.080 0.074 0.024 239.016 
6.074 0.118 0.021 205.617 6.072 0.074 0.024 239.016 
6.076 0.118 0.022 212.280 6.072 0.078 0.022 218.952 
6.074 0.122 0.022 212.280 6.068 0.082 0.022 212.280 
6.070 0.130 0.020 198.962 6.068 0.082 0.022 212.280 
6.066 0.118 0.018 179.047 6.072 0.082 0.022 218.952 
6.068 0.118 0.020 198.962 6.070 0.082 0.023 225.631 
6.072 0.118 0.020 192.315 6.074 0.078 0.023 225.631 
6.074 0.118 0.021 205.617 6.078 0.074 0.024 232.320 
6.068 0.114 0.022 212.280 6.072 0.086 0.020 198.962 
6.068 0.122 0.018 179.047 6.072 0.082 0.021 205.617 
6.062 0.118 0.018 179.047 6.070 0.082 0.023 225.631 
6.068 0.114 0.018 172.426 6.068 0.082 0.022 212.280 
6.066 0.118 0.018 172.426 6.064 0.086 0.019 185.677 
6.060 0.118 0.016 159.208 6.060 0.086 0.020 198.962 
6.062 0.130 0.016 159.208 6.068 0.082 0.023 225.631 
6.068 0.118 0.018 179.047 6.072 0.078 0.022 212.280 
6.068 0.126 0.020 192.315 6.066 0.082 0.020 198.962 
6.070 0.134 0.018 172.426 6.068 0.086 0.020 198.962 
6.070 0.122 0.019 185.677 6.072 0.082 0.021 205.617 
6.070 0.130 0.018 179.047 6.066 0.086 0.020 198.962 
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6.080 0.134 0.020 192.315 6.064 0.086 0.022 218.952 
6.084 0.142 0.020 192.315 6.068 0.090 0.023 225.631 
6.078 0.134 0.021 205.617 6.072 0.090 0.024 232.320 
6.074 0.142 0.017 165.813 6.070 0.086 0.024 232.320 
6.078 0.158 0.016 159.208 6.070 0.082 0.024 239.016 
6.080 0.146 0.019 185.677 6.066 0.086 0.023 225.631 
6.072 0.154 0.018 172.426 6.062 0.086 0.024 239.016 
6.074 0.154 0.018 172.426 6.064 0.094 0.021 205.617 
6.074 0.146 0.018 172.426 6.056 0.086 0.022 212.280 
6.086 0.146 0.016 159.208 6.062 0.090 0.021 205.617 
6.086 0.150 0.018 179.047 6.060 0.098 0.021 205.617 
6.092 0.154 0.018 179.047 6.062 0.098 0.021 205.617 
6.084 0.130 0.019 185.677 6.066 0.094 0.021 205.617 
6.080 0.142 0.021 205.617 6.070 0.094 0.021 205.617 
6.084 0.162 0.018 172.426 6.068 0.094 0.023 225.631 
6.094 0.154 0.018 179.047 6.070 0.106 0.020 198.962 
6.092 0.182 0.018 172.426 6.072 0.106 0.020 198.962 
6.082 0.162 0.019 185.677 6.070 0.098 0.022 212.280 
6.094 0.154 0.019 185.677 6.072 0.106 0.021 205.617 
6.080 0.134 0.019 185.677 6.070 0.110 0.020 198.962 
6.080 0.154 0.015 146.024 6.066 0.110 0.020 192.315 
6.106 0.202 0.014 132.873 6.074 0.106 0.020 192.315 
6.094 0.182 0.018 172.426 6.074 0.110 0.020 192.315 
6.080 0.178 0.018 172.426 6.076 0.106 0.021 205.617 
6.068 0.142 0.017 165.813 6.074 0.102 0.022 218.952 
6.078 0.130 0.017 165.813 6.074 0.110 0.021 205.617 
6.078 0.142 0.015 146.024 6.076 0.110 0.022 218.952 
6.082 0.138 0.016 152.612 6.072 0.110 0.021 205.617 
6.070 0.134 0.016 152.612 6.058 0.122 0.018 172.426 
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6.080 0.158 0.016 159.208 6.052 0.110 0.016 159.208 
6.092 0.158 0.017 165.813 6.068 0.110 0.016 152.612 
6.090 0.166 0.019 185.677 6.076 0.102 0.014 139.444 
6.078 0.138 0.022 212.280 6.078 0.110 0.015 146.024 
6.080 0.146 0.025 245.721 6.064 0.130 0.014 139.444 
6.086 0.154 0.024 239.016 6.068 0.118 0.014 139.444 
6.088 0.154 0.024 232.320 6.064 0.102 0.018 179.047 
6.096 0.162 0.022 212.280 6.064 0.110 0.019 185.677 
6.110 0.194 0.019 185.677 6.054 0.122 0.018 179.047 
6.106 0.174 0.020 198.962 6.064 0.094 0.016 152.612 
6.120 0.202 0.018 179.047 6.068 0.114 0.013 126.310 
6.110 0.202 0.018 179.047 6.068 0.138 0.016 159.208 
6.106 0.198 0.019 185.677 6.056 0.150 0.016 159.208 
6.104 0.194 0.019 185.677 6.054 0.138 0.016 159.208 
6.116 0.210 0.018 172.426 6.058 0.146 0.016 159.208 
6.118 0.190 0.020 198.962 6.058 0.146 0.017 165.813 
6.100 0.202 0.021 205.617 6.054 0.138 0.018 172.426 
6.102 0.202 0.020 192.315 6.076 0.138 0.020 192.315 
6.102 0.182 0.020 198.962 6.074 0.134 0.020 192.315 
6.104 0.194 0.020 198.962 6.078 0.138 0.018 179.047 
6.106 0.198 0.020 198.962 6.094 0.178 0.016 152.612 
6.106 0.202 0.022 212.280 6.102 0.206 0.016 152.612 
6.116 0.210 0.022 218.952 6.088 0.194 0.017 165.813 
6.116 0.206 0.022 212.280 6.094 0.186 0.016 152.612 
6.122 0.202 0.022 218.952 6.086 0.170 0.016 152.612 
6.122 0.222 0.022 212.280 6.096 0.194 0.016 152.612 
6.120 0.206 0.023 225.631 6.088 0.170 0.017 165.813 
6.122 0.218 0.023 225.631 6.090 0.146 0.016 152.612 
6.122 0.222 0.023 225.631 6.082 0.154 0.015 146.024 
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6.122 0.226 0.024 232.320 6.088 0.170 0.017 165.813 
6.122 0.214 0.025 245.721 6.096 0.178 0.018 172.426 
6.118 0.214 0.024 232.320 6.098 0.190 0.018 179.047 
6.122 0.218 0.024 232.320 6.086 0.162 0.020 192.315 
6.118 0.202 0.023 225.631 6.100 0.186 0.020 198.962 
6.118 0.234 0.022 218.952 6.096 0.182 0.021 205.617 
6.122 0.218 0.022 218.952 6.088 0.158 0.022 218.952 
6.094 0.070 0.030 299.662 6.106 0.174 0.021 205.617 
6.106 0.054 0.030 292.890 6.118 0.198 0.020 198.962 
6.102 0.062 0.027 265.886 6.116 0.198 0.019 185.677 
6.090 0.070 0.023 225.631 6.116 0.202 0.019 185.677 
6.082 0.070 0.026 252.435 6.114 0.198 0.019 185.677 
6.074 0.074 0.022 218.952 6.094 0.210 0.018 179.047 
6.066 0.078 0.025 245.721 6.106 0.218 0.017 165.813 
6.066 0.086 0.023 225.631 6.112 0.242 0.017 165.813 
6.064 0.086 0.025 245.721 6.110 0.198 0.019 185.677 
6.076 0.066 0.030 292.890 6.096 0.218 0.019 185.677 
6.070 0.074 0.030 299.662 6.088 0.214 0.019 185.677 
6.064 0.082 0.028 279.371 6.094 0.190 0.020 192.315 
6.068 0.082 0.027 265.886 6.104 0.202 0.020 198.962 
6.064 0.078 0.029 286.126 6.096 0.202 0.020 198.962 
6.062 0.078 0.030 299.662 6.112 0.198 0.021 205.617 
6.072 0.070 0.033 326.832 6.112 0.210 0.020 192.315 
6.074 0.070 0.032 320.027 6.116 0.198 0.020 198.962 
6.070 0.074 0.032 320.027 6.122 0.194 0.022 218.952 
6.070 0.078 0.031 306.442 6.118 0.206 0.022 218.952 
6.074 0.074 0.032 313.230 6.120 0.190 0.024 232.320 
6.072 0.078 0.030 292.890 6.122 0.206 0.023 225.631 
6.066 0.078 0.030 292.890 6.122 0.210 0.024 232.320 
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6.064 0.078 0.031 306.442 6.118 0.218 0.024 239.016 
6.068 0.082 0.030 292.890 6.122 0.206 0.025 245.721 
6.070 0.086 0.029 286.126 6.122 0.206 0.024 239.016 
6.060 0.094 0.027 265.886 6.122 0.222 0.024 232.320 
6.066 0.090 0.027 265.886 6.120 0.222 0.022 218.952 
6.058 0.086 0.029 286.126 6.112 0.226 0.023 225.631 
6.056 0.094 0.028 272.625 6.122 0.214 0.022 218.952 
6.056 0.090 0.028 272.625 6.074 0.062 0.030 299.662 
6.074 0.082 0.026 259.156 6.066 0.074 0.028 279.371 
6.072 0.078 0.027 265.886 6.074 0.070 0.031 306.442 
6.074 0.090 0.024 239.016 6.076 0.070 0.030 299.662 
6.082 0.070 0.025 245.721 6.058 0.086 0.028 272.625 
6.084 0.058 0.028 272.625 6.060 0.086 0.026 252.435 
6.084 0.062 0.026 252.435 6.060 0.090 0.024 239.016 
6.078 0.066 0.024 232.320 6.066 0.090 0.024 232.320 
6.088 0.054 0.026 252.435 6.054 0.090 0.021 205.617 
6.082 0.058 0.027 265.886 6.078 0.066 0.026 252.435 
6.078 0.066 0.028 279.371 6.072 0.074 0.027 265.886 
6.082 0.066 0.030 292.890 6.066 0.082 0.024 239.016 
6.066 0.082 0.028 279.371 6.072 0.078 0.025 245.721 
6.086 0.062 0.031 306.442 6.062 0.078 0.026 259.156 
6.068 0.082 0.029 286.126 6.062 0.078 0.028 272.625 
6.074 0.086 0.028 272.625 6.070 0.070 0.029 286.126 
6.088 0.058 0.028 279.371 6.072 0.070 0.030 299.662 
6.072 0.082 0.027 265.886 6.070 0.074 0.030 292.890 
6.076 0.082 0.026 252.435 6.070 0.078 0.029 286.126 
6.072 0.086 0.024 232.320 6.070 0.074 0.030 292.890 
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6.066 0.062 0.033 326.832 6.072 0.078 0.024 232.320 
6.050 0.074 0.030 299.662 6.068 0.070 0.031 306.442 
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